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THE FINAL PHASE OF JET DISRUPTIONS 

D.J. Ward, R.D. Gill, P.D. Morgan and J.A. Wesson 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK. 

Abstract. It is widely believed that the loss of plasma energy in a 
disruption is due to the generation of a turbulent magnetic field. In 
studying fast disruptions in JET, it is found that the irreversible nature 
of the disruption is better understood in terms of radiation cooling. 

Introduction. JET disruptions often end with a very fast decay of the 
plasma current. Fig.1 shows the plasma current for a 5MA discharge which 
terminated in a disruption. The current decay rate reaches 850MAs1, 
compared with 0.5MAs1 for a nondisruptive discharge. The dramatic 
difference in decay rate shows that a large change in plasma properties 
occurred in the disruption. 
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Fig.1 Plasma current for disrupting 
discharge. 

Fig.2 Expanded trace of plasma 
current and loop voltage. 
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Temperature Inferred from Resistance. The plasma resistance during the 
current decay is calculated by equating the ohmic dissipation to the known 
input power 

>R = d_ (I L P ) 
T
5 dt 2

 1 I V„ (1) 
where R is the plasma resistance, L^ the internal inductance and V, the 
toroidal loop voltage at the plasma surface. Fig.2 shows an expanded trace 
of the plasma current and voltage from one loop on the vacuum vessel for 
the same discharge as Fig.1. L^ was calculated to be 2μΗ before the 
disruption and the average loop voltage reaches 300V during disruption. 
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The calculated input power during the' current decay reaches = 10GW 
compared with  10MW in a nondisruptive discharge. The resulting plasma 
resistance is = ΗΟΟμΩ. If the resistance is due to Spitzer resistivity 
then, taking Ζ ^ = 3. the implied electron temperature is 

Te  5eV 
Temperature Inferred from Runaway Electrons. The current plateau during 
the current decay shown in Fig.2 is a standard feature of fast disruptions 
on JET, and sometimes persists for 100's of ms. The plateau is due to a 
current carried by runaway electrons and the number of runaways generated 
can be used as an indication of the electron temperature. 

Calculations of the rate of generation of runaway electrons [1,2,3J 
show that the important parameter is the ratio of the electric field to a 
critical value, the Dreicer field, EQ. If the electron temperature is 
suddenly reduced in the disruption, large electric fields are induced. For 
a current decay with time constant, τ, the fractional density of runaways 
generated is given approximately by ¡_3j 

ne τ Θ E D HE E 
where jQ is the electron collision time. For the observed runaway current 
of 2MA, approximately 10""* of the electrons are runaways and for τ = 10ms 
this implies 

ED 2.6x10~
l7
ne£nA(2ïïR)I 

Ë~~ Τ P~ e in 
= ^0 (3) 

with 
With 

Te in eV. P, is the ohmic dissipation and E D is taken from [2J 
np = 6x10l9

m
 y
, Eq.(3) gives 

Te = 4eV. 
Temperature Achieved by Anomalous Conduction. The equilibrium temperature 
of a plasma confined in an ergodic magnetic field is estimated by writing 
tne effective conductivity as 

B V * x0 (Ü) XJL 'te
 l

e 
where B/B is the level of magnetic field fluctuations, vt the thermal 
velocity of electrons. Assuming a parabolic temperature profile and 
Spitzer resistivity, and balancing the Ohmic heating against the conducted 
power gives an expression for the central temperature 

'eo * 20 ( 
B/B 

Tpn  20 (^^Xj eV (5) 

where ΐ,ηΛ = 10 has been assumed. Fig.3 shows a plot of this function for 
'
Z
eff

 = 3 and B = 3T. Even with the perturbed field strength comparable to 
the poloidal field, the temperature is an order of magnitude larger than 
the experimental value inferred above. Measured values of B/Bfl are 
typically <1 0% L^ J 
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It is seen, therefore, that the drop in electron temperature at the 
disruption is not due solely to enhanced transport across the minor radius. 
The alternative to thermal conduction is radiative cooling. For instance, 
an influx of impurity atoms at the disruption would cool the plasma wnile 
being ionised, then hold the temperature low by radiation. 

4001 1 M 

300 

Ά 200
Vertical Camera 

100 

B/B„ 
Major 
radius 

c 
σι 

Time 
Fig.3 Predicted central temperature Fig.4Soft Xray emission for 3ms 

versus field fluctuation level. before disruption. 

Soft Xray Emission. The disruption observed in the soft Xray emission 
proceeds in two stages, illustrated in Fig.4. First there is a broadening 
of the profile, taking 2ms, followed by a spike in emission, lasting for 
200μs. Following the spike the plasma current increases momentarily and 
then decays away. Fig.5 shows this behaviour for one central soft Xray 
chord with the plasma current also shown for reference. 

The final spike in soft Xray emission can be understood in terms of a 
rapid increase in impurity content. For low Ζ ions and for the Xray 
filters used, the emission has the dependence 

P
x
 α n

e
n
z
T
e· 

Incoming neutral atoms increase n„ but decrease T Q 

(6) 

content as η = η (1+at) gives 
Ρ (1+at) 1 2L 
0 W„ 

Writing the impurity 

at] (7) 
where PQ is the initial Xray intensity, E i is the ionisation energy of the 
incoming neutrals and W Q is the initial electron energy density. 

For carbon or oxygen impurities at typically 4% concentration, Eq.(7) 
predicts an increase in soft Xray emission by a factor of 5 to 10. This 
simple model shows how a large increase in soft Xray emission can occur, 
but does not give a mechanism for the impurity influx. 

Carbon III and Visible Bremsstrahlung. Fig.6 shows the intensity of a 
carbon III line (3p~3s transition at 465nm) and of visible bremesstrahlung 
(at 523.5nm) along lines of sight through the plasma centre. The 
disruption occurs at 10.522 seconds and there is an increase by a factor of 
1 ,000 in the carbon III intensity, and a factor 200 in the visible 
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bremsstrahlung. Examination of several cnords snows tne carbon radiation 
comes from the plasma bulk ratner than an edge snell. 

Under these conditions, carbon III emission is a strong function of 
temperature, peaking around 7eV. The increase in intensity can be under
stood merely in terms of a drop in electron temperature from = 500eV to 
= 5eV. The visible bremsstrahlung emission requires a change in 

; n e d i . by a factor of 10. For instance if Ζ ̂  increases by 502, eff 
then /nedl must increase by a factor = 3. The observed benaviour is 
consistent with an influx of neutral carbon atoms, such that the carbon 
density increases to a value comparable with the deuterium ion density, 
that is nQ = nQ. 
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Fig.5 Plasma current and emission 
along one soft Xray chord during 
disruption. 

Fig.6 Carbon III line and visible 
bremsstrahlung emission during 
disruption. 
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Summary 
1. The inferred electron temperature in JET during the current decay of a 

fast disruption is =5eV. 
2. The lowest temperature which could be achieved by anomalous conduction 

is >50eV. 
3· Radiation must play a role in the energy loss. A sudden increase in 

the plasma impurity content is required. 
4. The soft Xray spike at the disruption is consistent with a rapid 

influx of impurity atoms. 
5. Carbon III and visible bremsstrahlung measurements are consistent with 

a temperature of =5eV and a factor = 3 increase in electron density. 
This is again consistent with an influx of impurity atoms. 
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INTRODUCTION 
The extremely long lived density perturbation, or snake, first seen by 

the soft Xray cameras following single pellet injection into JET1, has now 
been observed following multiple pellet fuelling of JET discharges2. The 
snake is caused by a local density perturbation rotating at a rational 
qsurface, normally the q=1 surface. The snake can persist for longer than 
2 seconds, suggesting that a magnetic island is formed at the rational 
qsurface, with ablated pellet particles being deposited inside this 
island. The long snake lifetime implies a change to a new nonaxisymmetri c 
equilibrium

1
. 

New diagnostics have contributed important new results on the study of 
snakes. Particularly an array of toroidal soft Xray cameras and the LIDAR 
Thomson Scattering system3, which makes simultaneous measurements of the 
electron temperature and density profiles possible. These will be 
presented in this paper, with particular emphasis on the creation of snakes 
and the subsequent snake profiles. 
CERTAIN NECESSARY CONDITIONS FOR THE CREATION OF SNAKES 

Tne soft Xray signals for two time periods of 1 millisecond each 
recorded during the injection of successive D2 pellets, the second of which 
created a snake, are shown in Fig.1. The upper signals are from the 
vertically mounted camera which views the incoming pellet trajectory. The 
bottom signal is that of a central detector in the horizontally mounted 
camera which views the injected pellet from behind and gives a measure of 
the pellet ablation rate. The two soft Xray cameras'* are located at the 
same toroidal position as the multiple D2 pellet injector. Both pellet 
trajectories are clearly visible in Fig.1. In Fig.1a the maximum rate of 
pellet ablation is seen to occur around 60cms, which is outside the 
sawtooth inversion radius of M5cms, as determined from a tomographic 
analysis of the soft Xray data5. Throughout this paper the sawtooth 
inversion radius is taken as being equivalent to the q=1 position. For the 
second pellet, shown in Fig.1b, the sawtooth inversion radius is determined 
to be at 42cms. This pellet is observed to penetrate well beyond this 
radius, with considerable pellet ablation occurring in the region of the 
q=1 surface. Around such a rational surface, the particles would not be 
expected to spread rapidly. A local drop in temperature could therefore 
occur, as only the electrons inside a narrow flux tube which intersects the 
pellet trajectory would interact with the'pellet. 
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FIG.1 : Xray signals during the inject ion of two successive D2 p e l l e t s , the 
second of which created a snake. 

In Fig.2, LIDAR profi les of the electron temperature and density 
across the horizontal midplane of JET are shown, 19 milliseconds af te r the 
injection of a pe l l e t which created a snake. At the sawtooth inversion 
radius, a clear local density enhancement and temperature depression are 
seen and i t i s t h i s density perturbation which i s label led a snake. Local 
cooling i s therefore observed at the q=1 surface, which can lead t o a 
helical current perturbation and the formation of a magnetic i s land . 

Certain necessary, although perhaps not suf f ic ien t , conditions for the 
creation of a snake a re , therefore, f i r s t l y that a q=1 surface must exis t 
within the plasma, secondly that the pe l le t must reach t h i s q=1 surface and 
th i rdly that suff ic ient pel le t par t ic les are ablated in the region of the 
q1 surface so as to lead t o the formation of a magnetic i s land. 
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FIG.2: 

Radial electron 
temperature and 
density prof i l es , 
19 milliseconds 
af ter the injec
t ion of a pel le t 
which created a 
snake. 
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SNAKE PROFILES AND THE SNAKE LIFETIME 
From the soft X-ray cameras and toroidal detectors i t i s found that 

the snake has an m=1 , n=1 s t ruc tu re , with typical dimensions (FWHM) of 25cm 
poloidally and 17cm r ad ia l ly , which i s in good agreement with the rad ia l 
dimension of the perturbation determined from the LIDAR prof i les of Fig.2. 
From t h i s knowledge of the mode s t ruc tu re , i t can be determined from the 
soft X-ray data that the peak of the snake l i e s above the horizontal 
mid-plane at the toroidal location where the LIDAR profi les of Fig.2 are 
measured. The maximum density and temperature perturbation at t h i s time 
i s , therefore, considerably l a rger . Indeed, for t h i s par t icu la r snake, the 
ECE grating polychromator experienced a periodic 2nd harmonic X-mode cutoff 
at the snake rad ius . From the maximum frequency at which the cutoff was 
observed, the density of the perturbation was determined to be 1.5 χ IO20 

m-3 (± 10$) compared t o the density measured by the LIDAR of 1.15 x 102° 
m -3 . Further, t h i s i s not seen to change over a period of 350ms, at which 
time the plasma current was ramped down, implying an effective confinement 
time for the snake of the order of several seconds. 

In Fig.3, the rad ia l soft X-ray prof i le measured by the ve r t i c a l l y 
mounted camera i s shown. A pe l l e t i s injected at 8.5 seconds which creates 
a snake. This i s seen t o ro t a t e for a period of 900ms before slowing down 
and stopping. This snake i s observed t o survive through many sawteeth, as 
i s the case with a l l other snakes1 . At 10 seconds, when LIDAR profi les 
were measured, the centre of the snake i s determined from tomographic 
analysis of the soft X-ray data t o be jus t above the horizontal mid-plane 
at the LIDAR port. These LIDAR electron density and temperature profi les 
are shown in Fig.4. The snake i s clear ly seen in the density pro f i l e , 
centred at 3-35m. The temperature prof i le over the corresponding region of 
t h i s snake shows the temperature fa l l ing from about 1700 eV at 3·15m to 
1450 eV at 3.5m. This does not show any equalization on e i ther side of the 
snake, as might be expected if the density i s confined within a magnetic 
is land. 

SOFT X-RAY VERTICAL CAMERA 

.-"7 

FIG.3: Soft X-ray flux around the time of pe l le t inject ion showing the 
'snake' o s c i l l a t i o n . 
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These LIDAR profiles are, however, taken at a time when the snake is 
'locked' in one poloidal location. "As the snake is an island deep within 
the plasma, if it is to 'lock', it must couple to a mode further out in the 
plasma which can interact with the vessel wall6. The magnetic signals show 
the presence of a large locked mode at this time. It might not, therefore, 
be expected that the temperature would be equalized at the extremes of the 
island at this time, as the snake has coupled to another mode. From Fig.3 
it can be seen that, subsequent to these LIDAR profiles, the density 
perturbation decays away on a timescale of the order of 1 second. In other 
cases where the snake has been observed to couple to a 'locked' mode, then 
the density is seen to decay on a similar timescale. The application of 
on-axis ion cyclotron radio frequency heating (ICRH) is also observed to 
lead to the decay of the snake. The density is seen to decay on a 
timescale of the order of 100 milliseconds about 200 milliseconds after the 
ICRH is applied to the plasma. 
SUMMARY 

In conclusion, snakes have been observed during multiple pellet 
fuelling of JET. LIDAR Thomson scattering profiles of electron temperature 
and density provide clear measurements of the conditions necessary for the 
formation of a magnetic island at a rational q-surface in which a fraction 
of the ablated pellet particles can be trapped. ECE measurements in which 
a persistent periodic cutoff is seen at the snake radius implies a very 
long effective confinement time for the snake. The presence of 'locked' 
modes in the plasma, to which the snake can couple, or the application of 
on-axis ICRH leads to a gradual decay of the snake. 
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SIMULATION OF SOFT X-RAY EMISSIVITY 
DURING PELLET-INJECTION AND Η-MODE IN JET 

D. Pasini , A. Edwards ,R. Gill , A. Weller(a) and D. Zasche(a) 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, United Kingdom 
<a) Permanent address : IPP, Garching, West Germany 

Introduction . Spatial profiles of soft X-ray intensity (E &1.75 keV ) are measured on JET 
using one vertical and one horizontal X-ray diode array (100 detectors total). Using 
tomographic reconstruction techniques spatial distributions of local X-ray emissivity are then 
derived. Remarkable differences in the X-ray emissivity distributions have been observed 
depending on the type of plasma discharge. X-ray distributions measured during limiter 
discharges usually have a gaussian shape. In deep contrast, extremely peaked profiles of 
X-ray emissivity, with most of of the emission coming from a narrow central region, have 
been observed after pellet injection and flat or even hollow emissivity profiles have been 
observed during the Η-mode of X-point discharges. In part 1 of this paper simulations which 
reproduce well both the shape and absolute emissivity of the measured profiles are 
presented. They show that peaked or hollow emissivity profiles reflect similar changes in the 
density distributions of the different species. 

The vertical X-ray camera which directly views the trajectory of pellets injected into the 
plasma shows very intense bremsstrahlung emission from the interactions of plasma electrons 
with pellet particles. In part 2 of this paper a model which accounts for the main aspects of 
the observations will be discussed. 

1. Simulation of emissivity profile . 
Peaked profile - Fig. 1 shows the X-ray distribution before (t=4.44 s) and after (t=7.52 s) the 
injection of two D pellets (4 mm pellet at 4.5 s and 2.7 mm pellet at 5.5 s) into an ohmically 
heated plasma (# 13572,1=2.5 MA, B=2.8T). The first pellet, cooling the plasma, allows 
the second pellet to penetrate deep into the plasma, leading to a dramatic increase of the 
central emissivity and consequently to a strong peaking of the X-ray distribution. Very 
similar observations made on other experiments have already been reported1-2. 

//■ 

■ \ 

Max. 930 W/m3 Max. 7339 W/m3 

Before pellet inaction 
t = 4.44s 

Major radius 

Fig. 1 - X-ray emissivity distribution before and after pellet injection. 
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Fig.2 shows the radial emissivity profile of the peaked distribution (t=7.52 s) together with 
two different simulations using the radiation code IONEQ 3 . Taking in account the 
transmission of the filter the code caculates for each radiating species a radial profile of 
emissivity and these are then summed up to yield a total profile. The radial charge state 
distribution for each species is calculated assuming coronal equilibrium and using the 
impurity concentrations derived from PHA spectra and the profiles of Te and ne measured 
with the LIDAR Thomson scattering diagnostic. The measured profile of ne is also very 
peaked. In the first simulation (curve 1) which reproduces well the shape and absolute 
emissivity of the measured profile the density distributions of the different plasma species are 
assumed to be as ne. The calculation shows that the observed emission is mainly due to 
freefree radiation from fully ionized C and O. In the second simulation (curve 2) the radial 
density distribution of D is taken as ne but a much broader prepellet distribution is used for 
the C, O, CI and Ni impurities. A peaked D density profile is to be expected as the second 
pellet deposits, in this case, a large part of its particles in the plasma center. The peaking of 
the impurities is more surprising and indicates an increase of the inward convection velocity. 
This result can be understood according to the neoclassical theory which predicts that the 
large density gradient of the D ions should drive the impurities inward. However since the 
neoclassical theory has not been adequate to describe the majority of experiments this 
interpretation should be looked at with caution and more work is needed to confirm it. 

Hollow profile  Hollow Xray profiles are observed in certain Xpoint discharges correlated 
with hollow electron density profiles. Fig. 3 shows such Xray emissivity profile measured 
during an Ηmode together with two simulations. The simulation which reproduces the 
measured profile well (curve 1) was obtained using the hollow electron density profile 
measured by interferometry and assuming for the other plasma species the same shape of 
density profile. A second simulation (curve 2), assuming flat density profiles over the central 
region, was run to verify that the hollowness in the Xray profile was not due to line radiation 
from Ni or CI but a rather a direct conseqence of the hollow densities. 
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Fig. 2  Profilo of Xray emissivity after pellet 
injection and two simulations assuming peaked 
or broad density profiles for the impurities. 

Fig. 3  Measurement and simulation of hollow 
Xray emissivity profile during an Hmode. 
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2. Xray ablation emission . Detailed observations on D pellets injected into JET have been 
made with the vertical soft Xray camera which directly views the pellet trajectory. Strong 
emission (Fig.4) is seen from the pelletplasma interaction region due to bremsstrahlung 
radiation from collisions between the plasma electrons and the ablated pellet particles. The 
observations have been used extensively to determine the pellet velocity and depth of 
penetration. The time dependence of a single channel has shown that the emission originates 
from within a region with a diameter 2 rc = 7 cm in the major radial direction and rc is taken 
as the critical radius at which the ablatant flows along the magnetic field lines. The length of 
the hoze of ablatant along the field lines was determined from toroidally spaced Xray 
detectors as much less than 2 m . Measurements with different Be filters showed that the 
effective temperature of the electrons in the region of the pellet was close to that of the 
plasma before pellet injection. 

Xray intensity Pellet ablation 

T i m e ^ radius 

Fig. 4  The ablation of a pellet as seen by the vertical Xray camera. 

The pellet ablation model of Parks and Turnbull4 has been used to calculate the absolute 
intensity of the Xrays. For the shots considered here the model also gave an accurate 
prediction of the pellet range although a more complicated model5 is generally required to 
predict the pellet range in JET. In this model the incident plasma electrons interact with the 
ablated particles which expand spherically with high density and low temperature near the 
pellet surface. In a later refinement to the theory6, the ablated particles flow along the 
magnetic field lines at rc = 2.5 r , but we prefer to keep rc as a free parameter as the 
measurements show a much larger (7x) value. Inside rc we use the analytic asymptotic 
solution of PT but outside we have found the corresponding solution for cylindrical 
geometry. The temperature of the incident electrons differs significantly from Te close to the 
pellet surface only. As the Xray emission comes from much larger radii it is reasonable to 
use the plasma value of Te everywhere. The ablatant density is 

1 '
7

'
3 

,7/3 .. ^ .. .   1 ρ = p. ,1/3 
r, 

(  ) ■ 
r r < r p = p. ,1/3 2 z l / 3 r > r„ 

a '" ' a' 
where o1/3 is a constant near unity, r, and p . are the radius and the density at the sonic 
surface and ζ a variable along the field lines. As the velocity of the ablated particles is much 
less than the plasma electrons the Xray emission may be calculated from the hydrogenic 
bremsstrahlung formula 

n. MI. e~
E
'
T
< ( W / c ^

3 , 

m 
where Ec is the energy cutoff. Integrating over the field of view (Fig.5) gives 

Ρ = 1.69 X 10~32 £ np Λ/Τ e 
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7.9 χ 10 38 •Ε'Τ PrP{{D/2)^ r¡f3}ney/ree'""·' (W) 

This expression (accurate to 20%) depends only weakly on rp confirming that there is little 
emission from the region near to the pellet. Px has been compared with experiment (Fig.6) 
for the case of a 3.6 mm D pellet injected into a D plasma with 
/ = 3 ΜΑ, Β = 2.8 Τ, ne = 1.35 x 1019 m~3 and Te = 4.8 keV. The calculated emission 
generally exceeds the observed value in the outer part of the plasma, but decreases to well 
below the observed value at the end of the pellet trajectory. The observation that Ρχ always 
increases sharply at the end of the trajectory is not adequately explained by this model. 
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Fig. 5  Schematic of the ablating plasma within 
the field of view of an Xray detector (D x /). 
For r > r. the particles flow along the field lines 
(z direction). 

Fig. 6  Comparison between measured (each 
data point corresponds to a particular detector) 
and calculated soft Xray power versus radial 
position. 

In conclusion : ( 1 ) the Xray measurements support the concept of the formation of a plasma 
hose, but its radius is larger than predicted and it is quite short (< 2m), (2) the PT model 
provides an approximate estimate of the observed emission except towards the end of the 
pellet's range where the calculated value is much too small, (3) the Xray energy spectrum is 
approximately as expected. 
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CURRENT TRANSPORT IN A CHAOTIC MAGNETIC FIELD AND SELFSUSTAINMENT OF 
ISLANDS 

Dr. P.H. Rebut 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K. 

Introduction 
In previous work [1], it has been proposed that the anomalous 

transport observed in Tokamaks could be a consequence of the magnetic 
topology prevailing in such devices (i.e. the existence of small magnetic 
islands surrounded by regions where the field lines have an ergodic 
behaviour). The consequences for current transport and selfsustainment of 
the topology are considered in this paper. In particular, it is found that 
the diffusion of the current liberated at each sawtooth crash can sustain 
the topology between the inversion radius and the plasma boundary, thus 
extending the conclusion of Ref.[2] to most of the plasma volume. 

Trajectories of Magnetic Field Lines in Cylindrical Coordinates (r, θ, Εφ) 
We suppose that the magnetic field can be split in two terms: a 

dominant term B'„ with cylindrical symmetry (BQr = 0) and a smaller term Blt 
such that B ^ << B0

2
. B1 is responsible for chaotic behaviour of the 

magnetic field lines. 
 The following equations could be extended to any geometry by a 

suitable choice of coordinates. 

We define ψ = fr r'B_, dr' = Jr r'B, dr' (1) 
ο
 ο φ " ο

 φ 

ψ = const is the magnetic surface of the unperturbed field and L is the 
length along a magnetic field line: άφ = (B^/BR) dL 

The trajectories of a field line are given by 

dr = (ΉΒΓ/Βφ)άφ, dø = (RBg/rB̂ dcj) (2) 

which defines a transformation Μ (M0, φ) (for φ = 0; M = M 0). In 
particular: ψ = Ψ (ψ0, θ0, φ) or inverting the previous expression 90 = 
Q0i (Ψο. Ψ» Φ); Q could be a multivalue function (index i). In the same 
way, inverting initial and current positions along a magnetic line: θ = 0.¡ 
(ψ, ψ0,  φ) 

Flux conservation imposes: αψ dø = d\j;od0o> which can be written: 
90
i
 80

oi 
Ί5ψ7 Ή> U 0) (3) 

80 30 
and r αψ0 [Zi ̂ i j = Γ ¿ψ [Σ ^j2ij = 2π (4) 
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30 
Let us define: F(i|), ψ0> φ) =  ^ Zi gjjji (5) 

Invariance along a magnetic line: 
A function f constant along a magnetic line satisfies the equation: 

B.Vf  0 which gives — + rRB^ + ( 1) = 0 (6) 
3φ

 Γ 3ψ ΓΒψ 3Θ 
0oi is invariant along a magnetic line: (initial condition) 

Il h [^ ♦ ' R Br ̂  ]  0 or |E_ ♦ J. U.rR B ^ j . 0 (7) 

In a chaotic region, the number of value i increases equally over 
the whole region as φ increases and as a first term 

h ^ B r ^ r »  Κ Κ ( Ψ ) § (8) 
and "i  "Si? (R ™ φ = 0 (9) 

F is the probability of finding a magnetic line starting at ψ0 in an 
interval άψ around ψ after a number of turns = (φ/2π). 

Eq.(9) is a diffusion equation of magnetic lines to be compared with 
the similar equation in [1] 

R κ(Ψ) = |g φ 2
 (10) 

where Δ is the distance between two chains of islands and L0 the mean 
length of magnetic line to cross one chain of islands. If m is the 
poloidal mode number and \m the bandwidth 

Δ = (3/2ym2) {^f\ L0 = 2*R (2ym/3)g(Y) (11) 
with Ύ the overlapping coefficient: Ύ = (ε,+ε2)/2Δ and g(Y)  1. For Ύ=1 .2 
(g' < 0) with these definitions, where i=1/q is the rotational transform 

dv R Κ(ψ)  [0.27/y3
m
5
g(ï)].(^) (12) 

Application to the current 
The current flowing along the field line obeys in the first 

approximation 
Β . VJ„ = 0 (13) 

We shall suppose that this is true along Ν turns of the torus. 
The diffusion of the magnetic field lines across the magnetic surfaces 
leads to a transport of current. We define a mean resistivity η = V72IT/RJ 

so that η Βφ (^) = ̂  Λ
Ν η(ψ) ffng αφ OU) 
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where V is the voltage per turn. Eq.(13) leads to (J„/B) 
constant along a field line and follows Eq.(9): 

(αψ/Βψ) is 

"9~Φ~ « ) Φ "3$ RK(tjj) bfy0 
which taking into account Eq.(l4) gives 

2πΝ^Κ(ψ) ^ .B„ ΒΛην ΒΛ 
M^ = ^  ^ 

(15) 

(16) 

where (Β.η/R) is a mean value over a magnetic surface ψ . 
The conditions at the limits are that the flow of current is nul: 

D 
■L· J& = 0 for ψ = 0 and Ψ = Ψ8 

where a is the radius of the plasma 

By integration, Eq.(l6) gives /a Η = / a
 η ( ψ ) Β

Φ 2 Ί Γ Μ
Φ 

(17) 

(18) 

Conclusions 
Several conclusions can be deduced from these equations: 

(a) When (■nURA2/L0a2) is large compared to 1 (small m numbers and larger 
islands), Eq.(l6) becomes: 

Β Φ, 
J?

 = const = ΤΓφΤ V η(φ) Β
Φ

 2πΚ αφ (19) 

which give the Taylor condition for reverse field pinch [3]. The next 
order term can be deduced from Eq.(l6). Eq.(19) could also describe 
the state of the plasma after a disruption in a tokamak; nevertheless, 
the transport of current will take some time to allow the eddy current 
in the islands to die away. The effect on the heat transport should 
be much faster. 

(b) When ^NRA2
/L0a

2
) is small compared to 1 (the m number is large and 

the size of overlapping islands is small), we can define 

φ = «Ιφ  2ίΗη = 2 Β^ "5ψ RK "3ψ ^ 6J, = J 

which produces an extra current in the chaotic region if 

(20) 

(21) 

The critical profile in this case for large m numbers could be written 
with the hypothesis that Βφ and RK are constant: 
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2 2 (JA) =  α J. 

which could be integrated to give: 

¿φ = J0/(ar2+1) (22) 

The self consistency of the islands if m is lower but not too small 
(if not the tearing condition has to be taken into account [2,4]) is 
given in Ref.[1] (Ampères Law). 

L0 μ0 6J = Bx (23) 
which linked to Eq.(23) leads to the self consistency condition; if 
the islands are sustained only by the transport of current, this 
imposes a curvature of the current greater than that given in Eq.(22). 
In Eq.(20) defining <5J, only current diffusion has been taken into 
consideration but other effects can play a dominant role such as a 
contribution of fast particles. Thermodynamic effects linked to a 
flow of plasma along the chaotic field lines may also sustain the 
islands. Local electric fields and non anbipolar diffusion may be 
important. In this prpsentation, the estimation of Ν remains a 
problem. 

(c) the current created between the two internal disruptions could be 
redistributed with this mechanism along the chaotic field line: at 
the edge of the q = 1 surface, an extra production of current <5J 
could be calculated: 

2πψ(δ^/Βφ) = ÓIS = J02 ί1[(η(ψ1)  ηψ) 4π2Ρ]/ναψ (24) 

This current could assist in maintaining the chaotic region. 
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SIMULTANEOUS MEASUREMENTS OF ELECTRON THERMAL AND PARTICLE TRANSPORT IN JET 

A Gondhalekar, D Campbell, A D Cheetham, A Edwards, J C M de Haas*, 
A' Hubbard, Ρ D Larsen, J O'Rourke and M L Watkins 

JET Joint Undertaking, Abingdon, 0X14 3EA, UK 
*FOM Instituut voor Plasmafysica "Rijnhuizen", The Netherlands 

1. INTRODUCTION 
An important objective in tokamak research is to find suitable 

descriptions for the measured thermal and particle fluxes, and to identify 
the underlying mechanism of transport. Many detailed models for transport 
in tokamaks have been developed, which make specific predictions for corre
lations between thermal and particle transport coefficients. To exclude 
some of :the contending models, accurate measurements of the correlations 
are required. Thermal and particle transport in JET have been described by 
expressions of the form [1,2] 

Q = xnVT + Qp ; Γ = DVn + Γρ (1) 
Q and Γ are the heat and particle fluxes, χ and D are the respective 
diffusivities, Q and Γ are convective (or pinch) fluxes. In order to 
reduce uncertainties arising from shottoshot and spatial variations it is 
necessary to determine the coefficients simultaneously at the same spatial 
point. In this paper we describe evaluation of thermal and particle 
transport coefficients by three different methods satisfying the above 
requirements: (a) From the velocity and damping of heat and density pulses 
propagating outwards following a sawtooth collapse, (b) Measurement of 
inward propagation of electron density and temperature perturbations 
produced when a small pellet is injected into the plasma, (c) The method 
of 'flux gradient' analysis applied to transient conditions. In the 
following we present determinations of χ and D for Ohmically heated 
discharges in deuterium, limited by the outer belt limiters, with I.= 3MA, 
2.8 < Βψ.(Τ) < 3.4, and 1.5 ¿ ne(10

19 m3
) < 2.7. 

2. DETERMINATION OF xc AND Dc FROM SAWTOOTH PROPAGATION 
The local electron thermal diffusivity χ is determined by analysis of 

propagation of electron temperature perturbations in the region outside the 
mixing radius after a sawtooth collapse [3]. Τ (r,t) is determined from 
measurements of electron cyclotron emission, analyzed with a grating poly
chromator (KK2). Two parameters are derived, a heat pulse velocity and a 
damping rate of the pulse amplitude, χ is determined by comparison with 
simulations of these using a diffusive model including sources. Fig.1 
shows representative parameters of the heat pulse propagation. 
Measurements are made in steady state, in a region bounded by the 
normalized minor radius 0.6ár/aá0.8, and averaged over a period of = 1s. 
From analysis of a number of discharges a value of χ = 2.9 ± 0.4 m2/s is 
deduced. 
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The electron particle diffusivity De is determined in an analogous 
manner by measuring the propagation of a density pulse following a sawtooth 
collapse [4]. The density perturbation 6ne(r,t) is observed using a 
multichannel reflectometer [5]. The diffusing perturbation is clearly 
seen at all positions outside the mixing radius rm. The measured pulse 
delay time is compared with predictions of a diffusive model in which an 
equilibrium electron density profile is periodically flattened inside rm. 
An edge recycling coefficient R=1 , and a pinch flux Γρ = Dnr/a2 are 
assumed. Fig.2 shows a comparison of the modelled and measured density 
pulse propagation. D has been varied to match the measured delay in the 
region, rm<r<0.85a. Analysis of several discharges gives De  O.M m2/s 
with an estimated error of 30?. The above determinations of De and χΘ have 
been performed in the same discharges, covering the same spatial and 
temporal region, and yield Xe/De = 7. 

3. DETERMINATION OF xe BY PELLET INJECTION 
Here, the local thermal diffusivity is determined by analysis of the 

propagation of a 'cold front' into the region r < rD, where r„ = 0.6a is 
the pellet penetration radius. Te(r,t) at rp<r<a is measured using the KK2 
instrument. In a previous investigation we have shown that the assumption 
of diffusive propagation of the 'cold front' into the region r>rm may be 
justified [6]. xe is determined by comparison with simulations using a 
diffusive model including sources. The initial condition, the temperature 
and density profiles immediately after pellet injection, is accurately 
determined from measurements of Te(r), ne(r), pellet mass, ablation rate 
and penetration depth. During evolution of Te(r,t) in the spatial region 
of interest, At £ 60 ms, the perturbed density profile is assumed to be 
unchanged; the evolution of n_ is much slower than that of Τ , justifying 
this assumption. The model Te(r,t) evolution is most sensitive only to the 
local value of χΘ, enabling an accurate determination. Fig.3 shows a 
comparison of the measured and modelled Te(r,t) at radii r<r . A value of 
Xe  1.6 ± 0.3 m2/s is deduced at O.M5£r/a£0.55. This value is close to 
that determined, under similar conditions immediately after pellet 
injection, using the heat pulse propagation method [7]. A heat pinch term 
Q is not included in the modelling employed here. However, preliminary 
indications are that a credible global power balance for electrons can not 
be constructed without such a flux. An exactly analogous determination of 
De is in preparation, but has not been completed yet. 

4. DETERMINATION OF χβ AND De USING THE 'FLUX GRADIENT' ANALYSIS 
From eq.1 we have that a plot of Q vs nVT has slope χ and an 

intercept Q_. Similarly for D and Γ». Such plots were analyzed for 
steadystate heat flux for plasmas under various conditions [1]. This 
technique can be extended to transient conditions by plotting successive 
time points, yielding the transport coefficients in a single pulse. 
Transients in density can be induced by injection of a small (2.7mm) pellet 
or application of ICRF power. Analysis of these gives D = 0.5 ± 0.1 m2/s. 
The corresponding thermal diffusivity is deduced to be xe = 23 m2

/s. The 
discharges analyzed have plasma parameters very close to those in section 
2. Analysis of a number of discharges using this method yields 3^xe/De<8. 
Moreover, both these coefficients show an inverse dependence on the plasma 
current L·, fig.4 and ref[1]. 
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Table I summarizes all the measurements described in sections 2-4. 

5. DISCUSSION 
The consistent behaviour of the measured χ and D suggests that these 

are linked, and that QD and Γρ may be manifestations of the same transport 
mechanism [8]. Employing expressions derived in [8], we deduce that 
2ΊΤΌΙηη/ΖηΤ = Qp. The measured values of Qp [1] and Γ are in rough 
agreement with this expression. The derivations of [8] imply that Γρ °= 
(-VT/T) and that Qp <* '(-Vn/n). The dependence of Γρ on the Te scale-length 
can be inferred from analysis of the ne profile evolution during transients 
in which the Te profile undergoes a significant change. Peaking of the ne 
profile after sawtooth collapse and during current ramp-down are two such 
instances. Fig.5 shows the measured and modelled evolution of the line-
integrated density in a sawtoothing discharge; if Γρ <* (-VT/T), then the 
30ms hesitation observed in the density rise following a sawtooth collapse 
is reproduced. Fig.6 shows a plot of Tp/nD against -VT/T during 
contraction of the plasma column in current ramp-down. Γρ is calculated as 
rp(r) = 2-rr/r ƒ [S(r') - dn(r')/dt]r'dr' + D(r)Vn(r). Fig.6 demonstrates 
the close correlation between these two parameters. 

TABLE I 

Xe , 
m2-s 

2.9 ± 0.4 
1.6 ± 0.3 

2 - 3 

m2-s l 

0.4 ± 0.12 

0.5 ± 0.1 

kW»m ' 

4.3 ± 0.6 [1] 

-Γ 
1019 ft-2-s_1 

1.5 ± 0.2 

Method 

(a) sec.2, r / a -0.7 
(b) sec .3 , r / a -0.5 
(c) sec.4, r / a -0.7 
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FIG.l The peak amplitude of the heat 
pulse, ΔΤ Θ, and the delay in the 
arrival time of the peak, A t , vs 
r/a. Fitted lines give average speed 
and damping of the heat pulse. 

FIG.4 Average Diffusion coefficient 
D(r/a >, 0.5) vs plasma current Ι φ. 
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FIG.2 Delay Δ ι between saw
tooth collapse and arrival of 
density pulse. Line is the 
prediction with D = 0.39m2s 
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FIG.5 Fluctuations of lineintegrated density, nel, 
during sawtooth activity: (A) measured, (B) modelled 
with a particle pinch proportional to the electron 
temperature scalelength. 

FIG.3 Evolution of T e at different radii 
r a after injection of a pellet. The smooth 
lines are the modelled T e evolution at the 
measurement radii. 

2 

1 

0 

11004 

/ 1 1 

• 

· > 
US" 

i 

' Ώ 

I 

/m 

τ *· — 

• o -

r/a 
0 .7 -O" 
0.6- · 
0.5-G 
0 ,4 -A -
0 ,3-V 

2 3 4 
-VTp/Tplm"

1
) 

'e' 'e 
FIG.6 Evolution of 
temperature sca le- length VT Τ during 
decay of 1^ in discharge termination 

Γρ/nD with e lec t ron 

A47 
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INTRODUCTION 
The main impurities in JET plasmas are carbon, oxygen and nickel, with 

some chlorine occasionally. The nickel concentration c^ = nv^/ne depends 
critically on previous history of ion cyclotron heating (ICRH) and is 
usually á105 in ohmic heating campaigns. During ICRH, nickel is released 
from the antenna screens and subsequently deposited on limiters and 
protection tiles. After high power ICRH pulses, c^ == 10~3 has been 
measured during ohmic phases and several x103 during ICRH. Oxygen 
concentrations (cQ= η /ne) have recently been 0.51 % in deuterium (D) 
plasmas. In helium plasmas, c0 was about a factor 10 lower due to smaller 
oxygen influxes from walls and limiters. This lower oxygen production by 
helium (He) clearly indicates a chemical production mechanism. Carbon 
appears to be produced by physical sputtering and was several % in both D 
and He discharges with a tendency to increase during additional heating. 

Impurity transport in JET has been studied from accidental metal 
injections and from the radial impurity ion profiles. Confinement times 
and profiles could usually be described by an anomalous diffusion coeffi
cient D = 1 mz/s and by an inward drift (<*r) with vD(a) = 2 m/s. Under 
some recent plasma conditions, impurity accumulation was expected, as 
reported in other experiments in sawtoothfree plasmas, Ηmode plasmas and 
discharges with peaked electron density profiles after pellet injection. 
Long sawtoothfree periods have been observed in JET during ICRH ("monster 
sawteeth"). Respective changes of the total ion profiles of nickel, which 
is most likely to accumulate on axis, have been studied by means of line 
radiation from different ionization stages originating from various radial 
locations. These have been chosen according to the electron temperature, 
Te(0) ranging from 1 keV after pellet injection to 10 keV during monster 
sawteeth. The light impurity behaviour has been investigated by means of 
Z
eff Prof>iles> chargeexchange recombination spectroscopy and from soft 
Xray radiation which is often dominated by light impurity bremsstrahlung. 
MONSTER SAWTEETH 

Monster sawteeth were observed in both D and He plasmas with RF powers 
of 215 MW. Respective nickel concentrations in these plasmas ranged from 
a few 10""* to several 10~3. Because of deposition and subsequent erosion 
of nickel, cNi usually continued to increase during ICRH in discharges with 
and without sawteeth. Compared to normal sawtoothing discharges, seme 20% 
increase in cNi was observed during monster phases, probably due to a 
slight increase in global impurity confinement. After the monster crash, 
impurity confinement often dropped significantly leading to substantial 
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loss of nickel even with ICRH continuing at the same power level. 
Fig.1 shows cNi derived from Ni XXVII in the plasma centre and Ni XXV 

close to the edge during ICRH (Te(0) = 6  1 0 keV). Both ICRH phases of 
the pulse lead to higher nickel concentration. During the sawtoothfree 
period (6.2  8.7s), c^ continues to increase but in the same way at 
different radial locations. This means that the nickel ion profile does 
not change, ie., no nickel accumulation in the centre. Detailed investiga
tions of sawtoothfree periods up to 3s have not shown any change of 
impurity transport. It is concluded that the absence of sawteeth, at least 
during ICRH, does not lead to accumulation of mediumZ impurities in the 
JET plasma. 
PELLET INJECTION 

Single pellets and sequences of D pellets of different size have been 
injected into JET discharges (the multipellet injector was provided by 
ORNL under a JETUSDoE Agreement). ICRH and neutral beam heating (NBI) 
have been applied to the resulting plasmas. Pellet injection usually led 
to electron density profiles which, after seme initial rearrangement, were 
not significantly different from those produced by gas fuelling. In some 
cases when pellets penetrated to the plasma centre, strongly peaked n_ 
profiles were observed lasting up to 3s. Fig.2 shows an example of 
profiles peaked for about 3s after the second pellet. Τ (0) drops to about 
0.8 keV and slowly recovers to its prepellet value. Two nickel line 
intensities demonstrate the behaviour of the nickel ions: Ni XXVI, most 
abundant in the plasma centre below 2.5 keV, and Ni XI from the periphery 
under all conditions mentioned. While the Ni XI radiation reflects changes 
in edge density and some reduction in edge nickel content, a substantial 
increase in line radiation from the plasma centre is observed. Comparison 
with earlier phases of the pulse, taking into account changes in η (0), 
shows that the axial nickel density increases by a factor >10. This 
behaviour has been observed on other tokamaks before [1] and has been 
interpreted as neoclassicaltype accumulation. In the present example, 
accumulation disappears after about 3s when the ne profiles revert to 
normal. Accumulation has been observed to survive low power NBI, but 
disappeared immediately after the onset of ICRF heating. 

Even under these conditions, the nickel concentration remains very 
low. Zgff and soft Xray profiles are still dominated by light impurities 
and suggest that light impurity profiles are peaked, too [2], For a short 
period after the second pellet in Fig.2, light impurity concentrations are 
quite low (Zerf  1.5). Therefore, the nickel behaviour expected from 
neoclassical theory [3] can be predicted without knowledge of the actual 
concentrations. Calculations demonstrate that the nickel density increase 
on axis and the observed time scale can be explained by a rearrangement of 
the nickel content due to the neoclassical inward drift, provided that the 
'anomalous diffusion coefficient is reduced to = 0.01 m2

/s. 
ΗMODE PLASMAS 

Ηmode phases lasting up to about 2s had already been observed in 1986 
[*J]. These were characterised by a continuous increase in electron density 
and radiation losses. Radiation profiles were hollow in the centre but 
showed unusually wide edge shells. Spectroscopic analysis showed radiation 
losses mainly due to oxygen and, to a lesser extent, to carbon. Nickel may 
have contributed about 10* in some cases. Detailed investigations showed 
that the radiation profiles, the unusual behaviour of line intensities from 
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different nickel ionisation stages and longer particle confinement times 
could be explained by a high inward drift velocity in a narrow region near 
the plasma edge and hollow profiles in the centre, a consequence of the 
nonstationary nature of these discharges. For the latter explanation, the 
interior diffusion coefficient had to be = 0.2 m2

/s. 
Already in 1986, a few Ηmode pulses had short periods of edge 

localised activity (ELMs) most obvious from spikes in Ha radiation [4]. 
With NBI heating extended to 6s in 1987, up to 5 Ηmode phases were 
observed with ELM periods in between. During the first quiet Hmode, 
lasting again 2s, the 1987 and 1986 results were virtually identical. Z e f f 
profiles, now available [5], were hollow as expected. The nickel behaviour 
during the subsequent phases is described in Fig.3. 

During each ELM phase, particles are lost from the plasma periphery 
stabilising the density increase, on average. Global radiation losses (not 
shown) also stabilise, but are modulated according to the electron density 
behaviour. Τ (0) decreases slowly after the initial Ηmode phase. After 
seme initial increase, nickel line radiation from the plasma edge (Ni XVII, 
Ni XVIII) drops during each ELM phase and generally decays to a small 
value. In contrast, Ni XXVI from the plasma centre continues to increase 
and a peaked nickel ion profile develops. Simultaneously, radiation pro
files fill in (reaching = 40 kW/m3 on axis) and soft Xray radiation 
increases. All these observations are an indication of impurity accumula
tion. However, ne profiles are flat or even slightly hollow. Global 
impurity confinement is clearly higher than usual by about a factor 5. 

A closer investigation of Ζ f f profiles and soft Xray profiles shows 
that nickel does not really develop a profile peaked on axis. The nickel 
density increases within the inner third of the minor radius, but the 
profile is actually hollow in the centre. Light impurity profiles remain 
hollow throughout all these phases and their concentration hardly changes. 
The plasma edge radiation is mainly due to oxygen, while the radiation 
increase in the interior is due to nickel. During the final Ηmode phase 
in Fig.3, cNi =0.1? results from a spectroscopic analysis in agreement 
with the local soft Xray emission. The total nickel line radiation 
accounts for about half the local radiated power as measured by the 
bolometer. There is seme contribution from chlorine, which tends to 
increase during the later phases (CQ, = 10""*). The remaining radiation 
fraction is due to light impurity radiation, ie. mainly bremsstrahlung. 

The observed rearrangement of impurity ions is not readily interpreted 
in terms of neoclassical transport. Certainly, the nonstationary nature 
of the edge densities must be considered and several impurity species taken 
into account. 
CONCLUSIONS 

Long sawtoothfree periods, observed during ICRH in JET, did not lead 
to any obvious change in impurity transport. In some cases after pellet 
injection, when strongly peaked electron density profiles were observed, 
medium (and low) Z impurities showed behaviour expected for neoclassical 
accumulation. ICRH appeared to destroy the accumulation process. During 
long periods of alternating Ηmode and ELM phases, mediumZ impurities 
developed a generally peaked profile, but with a dip in the centre. Light 
impurity profiles were generally hollow. This rearrangement of impurity 
content was much slower than in pellet cases and there is no obvious 
explanation for this change. 
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FIG.1 : Nickel concentrations 
from Ni XXVII in the 

plasma centre and Ni XXV near 
the boundary. ICRH power and 
Tg(0) are also shown. The 
nickel ion density profile 
does not change during the 
monster sawtooth. 
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FIG.2: Densities, Te(0) and 
nickel line radiation 

after pellet injection. The 
increase in Ni XXVI radiation 
demonstrates a change in 
particle transport and neo
classicaltype accumulation. 

FIG.3: Radiation from 
different nickel 

ionisation stages during 
alternating Ηmode and ELM 
phases. A peaked nickel ion 
profile develops resembling 
neoclassicaltype 
accumulation. 
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Abstract 
First measurements of spatial profiles of the emission lines of different nickel ionisation 
stages were carried out at JET by means of the spatial scan double crystal monochro

mator. These profiles are compared with results of transport simulations, by which 
the calculated ionisation balance is verified. The measurements, furthermore, give 
the emission shells presently used for ion temperature measurements using Xray line 
profiles. 

1. In t roduc t ion 
The measurements of the spatial and temporal distributions of impurities in magne

tically confined high temperature plasmas are important for the investigations of im

purity behaviour and radiation power losses. For electron temperatures of several keV 
the line radiation is emitted predominantly in the soft Xray region. Therefore Xray 
spectroscopy over a wide wavelength range (from about 0.1 nm to 2.5 nm) with conti

nuous spatial scanning across the minor plasma radius is important both for studying 
the emission shells to understand the ionisation equilibrium and the impurity transport 
and for emission layer measurements in diagnostics like ion temperature measurements 
from Xray line Doppler profiles. 

For this purpose a double crystal monochromator [l], capable of continuous spatial 
scanning of Xray spectral lines across the plasma minor radius, has recently come 
into operation at JET. The double crystal system allows effective shielding against 
neutrons and hard Xrays from the plasma. 

2. T h e spatial ly scanning double crys ta l m o n o c h r o m a t o r 
A scheme (not to scale) of this double crystal monochromator is shown in Fig. 1. The 
two plane crystals simultaneously have to fulfill the Bragg condition ηλ = 2d · sin Θ 
(with λ the wavelength, 2d the lattice constant, Θ the Bragg angle and η an inte

ger) within a relatively small angular margin. The crystal reflectivity has to be high 
and constant across the crystal surface to obtain high photon throughput of the mo

nochromator [2]. The spectral resolution of the device is determined by the angular 
acceptance of the Xray collimator and the rocking curve width of crystal 2. 
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N ^ , f^-—^-d_ - y\ Detector in 
shielding 

Fig. 1 Schematic of the spatial scan 

double crystal monochromator 
Swivel _ / 

axis ><*" 

Crystal 1 
(7x10 cm2: 

UO L5 50 55 60 
Fig. 2 Example of the count rate versus time for the helium-like resonance line of nickel 

spatially scanned with 2 Hz 

A53 



The swivelling of crystal 1 by an angle φ around the optical axis between the two 
crystals enables a continuous spatial scanning of the plasma. The detector is a large

area multiwire proportional counter [3]in a shielding block on top of the instrument. A 
"neutron" collimator is used for the reduction of the neutron and hard Xray flux from 
the plasma for background count rate limitation. The neutron collimator, moreover, 
has to limit the acceptance angle in the nondispersive direction for crystal 2, in order 
to obtain a smooth photon throughput as function of swivel angle as well as to define 
the spatial resolution of the instrument. Details of the properties and the tests of the 
monochromator as well as the measurements of the relative sensitivity of the instrument 
using a calibrated largearea Xray source are described in [4]. 

For the first measurements LiF(220) crystals (2d = 0.2848 nm) were used allowing the 
wavelength range from 0.113 n m to about 0.203 nm to be covered with most of the 
hydrogen and heliumlike transitions of mediumZ impurities (like Ni). For the longer 
wavelengths of the oxygen lines KAP(001) crystals (2d = 2.6579 nm) will be used. 

3. First resul ts of spat ia l ly resolved Xray l ine emiss ion f rom J E T 
First measurements of the emission shells of several nickel ionisation stages were per

formed at J E T by means of the spatial scan double crystal monochromator. The radial 
profiles are quite different for lines of different ionisation stages: The profiles of the 
lower stages are nearly flat, while those of the hydrogen and heliumlike transitions 
are peaked around the plasma center. 

An example of the detector count rate for the heliumlike resonance line (w) of nickel 
I s 2 1 5 0  ls2p 1Pi taken at 2 Hz scan frequency is plotted in Fig. 2. The peaks just 
follow the t ime dependence of the line intensity (as obtained from the highresolution 
Xray spectrometer K X l at J E T , dotted line). Examples of the relative intensity 
distributions of the hydrogenlike nickel line Ly a 2 ( l s 2 S i / 2  2 p 2 P 1 / 2 ) and the helium

like w line are given in Fig. 3 versus radius R in the J E T midplane. Abel inversion of 
these profiles gives the relative emission coefficients of these lines versus the distance 
(R  R0) from the plasma center R0 , plotted in Fig. 4 (solid lines). 

The radial profiles of these two nickel lines were also simulated using the impurity 
t ransport code [5]with the actual radial distributions of electron temperature T e and 
density n e as well as the atomic physics and t ransport data input. These simulated 
emission coefficient radial distributions are added into Fig. 4 as dotted lines. The 
agreement of measured and simulated profiles is satisfactory within the error bars of 
the plasma parameters and the assumptions underlying the analysis. 
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ABSTRACT 

First polarimetrie measurements of the poloidal field distribution on 
JET are presented. q0 appears to be significantly below 1 in sawtoothing 
discharges. ICRF stabilization of sawteeth leads to even lower q0's. 
1. DESCRIPTION OF THE DIAGNOSTIC 

The six vertical channels of the JET farinfrared multichannel 
interferometer have been modified to also make polarimetrie measurements 
(Faraday rotation). The configuration is essentially as described in 
reference 1, and consists of a simultaneous measurement of the probing beam 
intensity along two orthogonal directions of polarization. 

In JET, however, the halfwave plates which are used for calibrating 
the system are located before the input of the beams into the torus (rather 
than at the exits). Also, the recombination of the probing and reference 
beams and the separation of the unrotated and rotated components is done in 
2 stages, using a polarizationindependent beam splitter for the former and 
a tungsten wire grid for the latter. (See figure 1). 

The "interferometer" signal amplitude is proportional to cos Θ, where 
θ is the angle of Faraday rotation, while the "Polarimeter" signal is pro
portional to sin 0. The first of these is squared to produce a DC signal 
proportional to cos2 Θ, the second is multiplied by the first in a 
phasesensitive detector to produce a DC signal proportional to sin Θ 
cos Θ. The two DC signals are digitized, and their ratio used to determine 
tan Θ. This method of measurement requires a calibration, which is 
performed by rotating quartz halfwave plates (located at the point of 
entry of the beams into the torus) to produce a rotation of the beam 
polarization in steps of 0.4°. The measurement of the Faraday rotation 
angle is made with an error < 5%, and a sensitivity of  1$. The time 
resolution is 110 msec, determined by the integration time of the 
electronics. The lower limit on the time resolution is set by the 100 kHz 
modulation frequency of the polariinterferometer. 
2. ANALYSIS 

The Faraday rotation angle is proportional to ƒ ne B|| di,, where ne is 
the electronic density and B„ is the magnetic field along the probing 
chord. This implies that polarimetrie measurements must be used in 
conjunction with other diagnostics to infer the poloidal field distribu
tion. In particular, the non-circularity of JET cross-sections means that 
the poloidal field enters into the Abel inversion of the chord- integrated 
data both as a parameter (determining the shape of the flux surfaces) and 
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as the unknown to be determined. The results presented here are derived 
using two approaches. In the first, the flux geometry is determined from 
magnetic measurements at the plasma boundary via an equilibrium 
identification code, IDENTC [2]. The poloidal field distribution is then 
determined by a generalized Abel inversion in this geometry. The electron 
density profiles are obtained from the interferometri c data, or from the 
LIDAR diagnostic [3]. The agreement between these is generally very good 
(< 10%). The Abel Inversion is made in 2 steps. The discharge 
crosssection i's divided into six nested elements, determined by the flux 
surfaces of tangency of the six Polarimeter chords. A first calculation of 
the poloidal field distribution is made in this geometry, and used to 
calculate the expected angle of Faraday rotation on six vertical "virtual" 
chords, tangent to the same flux surfaces, but on the opposite side of the 
magnetic axis to the corresponding real chords. A Chebyshev polynomial is 
fitted to the complete set of Faraday rotation angles (real, virtual + zero 
points at the plasma boundary) and the second Abel inversion is performed 
on this smoothed data. This method ensures that the smoothed data conforms 
both to the data and to the transformation properties implied by the flux 
geometry. (See Fig.2.) 

The major radius of the magnetic axis, RQ, and the elongation of the 
flux surfaces near the axis, κ0, are directly related to the value of q0 
which is inferred by Abel inversion in a given flux geometry. In fact, for 
a set of vertical probing chords, since the density profile is flat near 
the axis, the inferred value of the vertical field, Bu, is inversely 
proportional to the assumed κ . The inferred toroidal field at the axis, 
BJQ, is inversely proportional to the assumed RQ, and 

q = κ £_^J0 ~^°1 
0 O R O R 2 

R
o
 B
ll

 R
o 

The position of the magnetic axis determined by the equilibrium 
reconstruction code is in good agreement with that determined by soft Xray 
tomography [4]. However, the elongation of the central flux surface in the 
equilibrium reconstruction is systematicaly greater (510%) than the 
elongation of the SXR isoemissivity surfaces. If the latter are taken to 
represent the true elongation of the flux surfaces, a lower value of q is 
deduced. (See Section 3). 

Uncertainties in the absolute calibration, the electron density 
profile, and the flux geometry, as well as the intrinsic sparseness of the 
data, lead to an error in q of ± 15%. Nevertheless, as discussed above, 
much of this error is systematic and changes in the qprofile can be 
measured with considerably better accuracy. Initial experiments using a 
horizontal displacement of the. plasma column across the lines of sight to 
reduce the sparseness of the data have not yielded significant changes in 
the value of q which is determined, suggesting that sparseness does not 
introduce large errors in this parameter (although this may not hold for 
the qprofile as a whole). 

The second method of analysis is an intpgrated one, in which a 
solution to the GradShafranov equation is found with the source term opti
mised to best fit both the polarimetrie and magnetic measurements. 
Accordingly an objective function is built as the sum of the squares of the 
differences between calculated and measured quantities. Its minimum is 
found by expressing its gradient with respect to the free parameters, in 
terms of a set of generalized Lagrange multipliers, which are solutions of 
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the so called adjoint problem. The techniques used are Finite Elements for 
the partial differential equations and Conjugate Gradients for the minimi
sation. This approach is still being developed, in particular with respect 
to the treatment of the electron density profile. Preliminary results show 
that the Faraday rotation information improves the knowledge of the inner
most region of the plasma, and stabilizes the solution against measurement 
errors. A case of consistent reconstruction is shown in Fig.3. 
3. RESULTS 

Figure 4 shows the evolution of q0 during a 4 MA, 2.8 T, ohmic 
discharge. The elongation of the inner flux surfaces has been taken to be 
that given by the tomographic reconstruction of the soft Xray emmisivity. 
q0 decreases rapidly during the rampup of the plasma current, and reaches 
a value of 1 at 5.5 seconds, nearly simultaneously with the onset of 
sawtoothing, as evidenced by the soft Xray emission. q0 then continues to 
decrease, ultimately saturating at a value of  0.7. The steadystate 
value of q0 does not appear to depend on the flattop plasma current or the 
safety factor at the plasma boundary. During a sawtooth, q0 changes little 
(< 5%). In fact, the change in q0 is at present confused by uncertainties 
related to the simultaneous redistribution of the density profile. 

Figure 5 shows the evolution of q0 during a 2 MA, 2.1 T, radio 
frequency heated discharge. The interval from 7.5 to 9.2 seconds 
corresponds to a period of sawtooth stabilization, known as a "monster 
sawtooth" [5]. At the start of the RF pulse the Faraday rotation angles 
increase, largely due to the RFinduced density rise and, in the case of 
chords inboard of the magnetic axis, to the displacement of the magnetic 
axis with increasing BD· During the monster sawtooth, q_ decrease by 
 15$. A similar decrease is also inferred by IDENTC from magnetic data 
alone. These results are in good agreement with a field diffusion 
calculation performed using the TRANSP code [6], assuming neoclassical 
resistivity. (Note that the initial value of q0 in the TRANSP calculation 
is prescribed by the sawtoothing model that was adopted, which resets q0 to 
1 after each sawtooth). 

At the collapse of the monster sawtooth, the density profile is 
markedly perturbed, and this makes analysis of the qprofile more 
uncertain. Nevertheless it appears that when sawtoothing is 
reestablished, q0 returns to approximately its premonster value. 

Taken together, the above results suggest that ordinarily the steady
state value of c^ is determined by the sawtooth mechanism, perhaps 
indirectly via the temperature profile. When sawteeth are suppressed, q0 
can evolve to lower values by fielddiffusion. 
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PROFILE BEHAVIOUR DURING L AND H PHASES OF JET DISCHARGES 
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J O'Rourke Η Salzmann3 Ρ Smeulders A Tanga M von Hellermann 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 
+INRS, 1650 Montee SainteJulie, Varennes, Quebec JOL 2P0, CAN 
1 Institut für Plasmaforschung, Universität Stuttgart, FRG 

INTRODUCTION Hmode operation of the JET tokamak was 
established in 1986[1]. Since then the phenomenon has been 
studied for a range of powers and particle energies of the 
Neutal Beam heating system. The operational regime has also 
been extended to higher plasma current[2]. The transition from 
L to Ηmode after the initiation of NB injection, and the 
subsequent evolution of the profiles of the plasma parameters, 
have been investigated using a range of the existing 
diagnostics including bolometry, interierometry, soft xray 
tomography, chargeexchange and Da visible spectroscopy, ECE 
and neutral particle analysis, and the new JET LIDARThomson 
scattering[3]

 anc
* FIR polarimetry systems[4]. The results of 

this study and of a preliminary analysis of the ballooning mode 
stability of the measured pressure profiles are reported and 
discussed below. 

PROFILE EVOLUTION MEASUREMENTS Figure 1 shows the typical 
evolution of the main plasma parameters and Ηmode signatures 
during the development of the discharge from an ohmic Xpoint 
to Lmode, to Ηmode (with Sawtooth oscillations) and back to 
an ohmic Xpoint discharge. In this series of discharges the 
transition from L to Ηmode is characterised by a significant 
fall in the Dc signal (vertical chord) after a series of 
"spikes". The spikes have been correlated with mhd modes near 
the plasma edge (Edge Localised Modes or ELMs). In about half 
the cases in the series the L to H transition and the 
termination of ELMs appear to coincide with a sawtooth crash. 

The central region of the electron temperature profile, 
which can be slightly, hollow during the ohmic Xpoint phase, 
figure 2a, quickly fills in and rises to close to 4 kev just 
after the transition phase. It remains around this value until 
the NB heating is terminated when it falls back again to the 
2 kev range in about 100ms, a time comparable to the slowing 
down time of the fast ions. It is clear from the outer region 
of the T e profiles that during this series of discharges a 
pedestal of about 400ev forms at R~4.0m during the L to H 
transition and this remains throughout the Ηmode period. 
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A more dramatic change is observed in the density
profiles, figure 2b. During the transition the central peak 
flattens as the density rises and a steep edge gradient is 
formed. The overall level rises throughout the ΗMode period 
due to the fuelling effect of the beams giving gradients in the 
edge region up to 2xl0

2
° m4

. During the sawtooth rise phase 
the profile becomes slightly hollow and then, flattens again 
immediately after the crash. 

The LIDAR density profiles have been used in the analysis 
of the polarimetry results and these indicate that the q
profile broadens during the Ηmode period. 

TA(R) from multichannel CXRS during the Ηmode is 
similar in shape to Te(R) with central values in the range 
46kev. When the ion component is included with the electron 
pressure profiles derived from the LIDAR T ö and η« data, figure 
2c, near the end of the Ηmode, the central and global values 
for β are 2.8% and 2% respectively, close to the highest 
values yet recorded on JET. The pressure profile has been 
found to be ballooning mode stable when examined using the 
analysis of reference [7], with the central region close to the 
stability limit. 

The signals from the bolometer camera during the Xpoint 
phase are generally very asymmetric with much higher intensity 
on the lines of sight nearest the inner torus wall. In general 
this prevents Abel inversion for the Xpoint period. However, 
once the transition to Ηmode has taken place, symmetry is 
restored (ie the total radiation is constant on a flux surface) 
and the generalised Abel inversion[5] can be carried out. The 
evolution of the total radiation profile is shown in figure 3. 
Again the profile exhibits a central depression throughout the 
Ηmode, although it does tend to fill in somewhat as it 
evolves. The profile shape and the modest increase in the 
overall radiated power level indicate that significant impurity 
build up in the plasma centre is not occurring. This is 
supported for the light impurities by Z e £ S profile results. 

The hollowness during sawtoothing is also a feature of the 
soft Xray profiles figure 4, and again in contrast to results 
on other machines, the increase in signal intensity is 
consistent with the density rise due to fuelling by the beams 
and not indicative of any significant increase in impurity 
radiation. 

IMPURITY ACCUMULATION In the majority of the observed H
modes, which last for ~2s, no significant impurity accumulation 
in the centre of the discharge has been seen. This may be 
related to the presence of a large q=l region in these 
sawteething Ηmodes and also to the long timescales that can be 
expected for the accumulation process on a large tokamak. This 
result is in contrast to ASDEX where in sawtooth and ELMfree 
Hmodes, accumulation of iron was observed when the Hmode 
duration was sufficiently long (>150ms)[6]. 
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SUMMARY The development of hollow ne, soft x-ray emission 
and total radiation profiles is characteristic of JET H-modes. 
Impurity accumulation is generally not observed in the normal 
sawtoothing, ELM free discharges. A high central β is achieved 
and a preliminary analysis of the stability against ballooning 
modes indicates that, near the centre,the pressure profile is 
close to the limit but within the normal stability region. 

[1] 
[2] 
[3] 
[4] 
[5] 
[6] 
[7] 
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IGNITION TOKAMAKS 

R J Bickerton, G Apruzzese, A Tanga, Ρ Thomas, J Wesson 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K. 

Ignition Conditions 
For a D-T plasma the condition for thermonuclear ignition with Τ = Τ· 

is 
nD.T± τ ε = 5 χ IO21 m-3 keVs (1) 

This is valid for the range 7<T^<20keV in which the σν product for 
thermonuclear reactions is proportional to TI 2

. Condition (1) is 
insensitive to the pressure profile. 

Applying energy balance arguments the condition (1) can be rewritten 
as, 

'
 f \ 

-2 = 2.4 (2) 
Ρ x% f Yr 

where P(MW) is the total input power to the plasma, τ (s) the global energy 
confinement time, V(m3) the plasma volume, f the correction due to 
depletion by impurities and γ the ratio of central to volume average 
plasma pressure. 

Confinement Time 
The JET data for limiter-bounded discharges is well described by the 

L-mode scaling law [1], namely 

] I P"^ R
1

·
3 8 ( R / J

0
*

3 7 K
% 

τ =. 3 .7 χ 10 Ι Ρ"
Λ R

1
.

3 8 ( R / J
U > J / K

72 (3) 
ε Ρ

 a 

where I (MA) is the plasma current, Κ the plasma elongation, R(m) and a(m) 
the major and minor plasma radii. A study of JET and other data shows that 
the scaling with I , Ρ and R is well established while the scaling with 
R/a and Κ is doubtful. 

For Η-mode data in JET the simplest representation is that τ Ε is twice 
the L-mode value.(JET Team, 1987) 

Depletion Factor 
Assuming that the impurities in the central plasma are fully ionised 

and serve only to deplete the reactive fuel density, then 
Z· - Z.f 2 / 2Z. \ 2 

f K Z. - 1 ; l(2Z. + 1 - Ζ __) I (4) 

ι \ ι eff / 
where Z· is the average charge of the impurities and "Zeff the effective 
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charge. For JET the dominant impurities in the centre are carbon and 
oxygen, so if we take a mean Ẑ =7 then for a plausible Ζ ψψ=2, we have 
f=0.8. In JET the strongest dependence of Zeff is on density [2]. An 
ignition experiment must operate with Z^<2, which from JET data requires a 
plasma density greater than 5xl019m"3. 

Pressure Ratio 
The pressure ratio γ versus the safety factor q for JET limiter 

discharges varies linearly from 2.5 at q=2, to A.3 for q=4. It then 
flattens out and γ =4.5 at q=ll. There is ±25% scatter on γ due to 

Ρ Ρ 
sawtooth relaxations. The socalled "monster" sawtooth discharges are at 
the top of the observed band whilst Ηmodes are at the bottom. From (2) 
and (3) it is clear that to maximise the performance the ratio ( p/q2) 
that should be maximised. This occurs at the lowest q at which the 
discharge can operate, the gain from higher current overwhelming the lower 
value of γ . 
Plasma Parameters 

Substituting from (3) into (2) the condition for ignition is 

f YD γ 2 I2 R 2
·
5 a"2'7A = 3.46 χ IO4 (5) 

where γ is the ratio of the confinement time to the Lmode value. 
The current I is related to the machine parameters by the expression, 

.2n 1 ,„2 .2 5aíB (1+Kf)(1 _& 
R q * ^ "

1
" »

 (6) 

where q^ is the Shafranov q. 

Enhanced Tokamak 
We now estimate the parameters of a JETlike device upgraded to reach 

ignition conditions based on the JET experimental results as described 
above. Such an apparatus would permit the early study of a wide range of 
physics questions related to the achievement and the behaviour of an 
ignited plasma. In contrast to CIT this Enhanced Tokamak would be on the 
direct path to an eventual tokamak reactor, ie having moderate magnetic 
field strength and large physical size. 

No significant engineering design work has yet been done on this 
device but a representative set of parameters is 
Β = 5T, R = 4m, a = 1.4m, Κ = 2, γ = 3, f = 0.8, qT= 2.5 giving I =15.9MA 
and for ignition γ =2.2. These are a plausible set of parameters in the 
light of the JET experimental results. 

The values of the αpower and the energy confinement time at ignition 
are determined by the density. Combining the Lmode scaling with Τ ̂  lOkeV 
leads to the formula for the αpower [3]. 

τη M2 „0.74„ 2 , 3° M a q g Y L 
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where _ 5 az BK 
and M n.R χ 10 •19 

^CYL R I " Β 
from the JET experience a realistic value for M when operating with high 
input power at low q is ̂  6. With the parameters given earlier, 
n=7.5xl0

19
"
3 and Pa=42MW while from (3), t£=2.7s. With these parameters 

β=2.4% compared with the Troyon limiting value ßc=6.4% (β =2.8I/Ba%). 
Comparison with other Devices 

The table shows the main parameters of JET, Enhanced Tokamak, CIT and 
extended NET. 

Apparatus 

JET 
Enhanced Tokamak 
CIT 
NETE 

R 
(m) 

3 
4 
1.8 
5.4 

a 
(m) 

1.2 
1.4 
0.5 
1.7 

Κ 

1.6 
2.0 
2.0 
2.2 

Β 
(Τ) 

3.5 
5.0 
10.Ù 
4.8 

I 
(MA) 

7 
16 
9.0 
14.8 

q
CYL 

1.9 
1.5 
1.5 
1.8 

% 

3 
2.5 
2.4 
3 

γ for 
ignition 

5.2 
1.9 
2.3 
1.8 

The figures are given for Zeff=l for the sake of comparison. Evidently
Enhanced Tokamak is superior to CIT and similar to NETΕ in performance. 

ZeroDimensional Code 
So far we have used very simple arguments which lead to ignition 

independent of the plasma density provided only that the ion temperature 
lies in the range of 1020keV. The density was fixed by appealing to the 
experimental experience of the Murakami parameter. 

Steady state and dynamic calculations have been carried out using a 
more complex model in which, 
(1) The proper variation of reaction rate with temperature is included 
over the entire ion temperature range. 
(2) The confinement time is determined by the combination of the ohmic 
(neoAlcator) value τ ,_ and the Lmode τ T so that 

εΩ EL 
(

ε · 2 2 
τ 

0.5 
(8) 

'εΩ EL 
This has the effect of reducing the confinement time at low density. 
(3) The density and temperature are assumed to have parabolic profiles 
giving γρ=3. 
(4) The full energy balance equation is used, ie P_+P +P .T =P_..TT,+P, 

Ω α AUX COND br where Ρ is the ohmic power input, Ρ 
AUX the auxiliary heating, Prnv,n the 

conduction loss and P^r the Bremsstrahlung loss. This code has been run 
for the parameters considered earlier (including γ =2.2). The ignition 
curves in the ñ vs Τ plane for P A U X

=
0 are shown in figure 1. The ignition 

domain, shaded in the figure is bounded ¡by upper and lower temperatures and 
by a minimum density determined by the density dependence of the ohmic 
confinement time. If a weaker dependence is chosen, as for example derived 
from JET ohmic data [4] then this minimum density would be much lower. 
Analysis of the results with finite P A U X shows that a heating power of 
order 30MW would be sufficient to take the plasma to ignition. 
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Machine Parameters 
The outline of the machine design can be discussed in terms of the 

parameters 
RQ = geometric major radius of torus 
£3 = clearance between plasma boundary and toroidal field coil 
Έ2 = thickness of toroidal field coil 
Ei = thickness of primary winding 

Then the maximum toroidal field in the system Bw.,, is BWÅ„ 
MAX MAX (R aε.) 

o J 
taking Β =5T, R =4m, a=1.4m and ε =0.2m gives Β =8.3T (cf 7T in present 
JET). With E=0.5m, E1=0.5m and the same Β in the primary winding we 
find 

Volt seconds = 2n(R (a+E.+E.+^E,))2 BMAV = 1A2 
o 3 2 1 MAX 

This is an adequate number of volt seconds. 
The current required in the toroidal field coils to produce 5T at 4m 

radius is 100MA. The crosssectional area of the coils in the midplane is 
6.75m

J giving a mean current density of 1.5kA/cm2. Scaling from JET the 
resistive power dissipation would be 600MW. The flattop pulse length 
would be similar to that of JET, namely 20s. 
References 
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[2] Behringer Κ et al (1986) Plas Phys and Contr Nuc Fus, Vol 1, 197 
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EFFECTS OF LARGE AMPLITUDE MHD ACTIVITY 
ON CONFINEMENT IN JET 

J A Snipes. D J Campbell, M Hugon, Ρ Morgan, 
D Stork, D Summers, Κ Thomsen, 

Β Tubbing 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 

Introduction Under many operating conditions in JET, particularly during 
long periods of additional heating, low m, η MHD activity (usually m=2, n=l 
or m=3, n=2) persists with large amplitude (br/Bg(wall) £ 0.1Z) for many 
seconds. This allows the effects of such large MHD activity on confinement 
parameters to be assessed. While other loss mechanisms are also important 
in determining general confinement scalings, these results indicate that 
large MHD activity can lead to substantial losses of particles, momentum, 
and energy from the plasma. Other effects such as changes in wall pumping, 
the plasma boundary, radiative losses, and input power must be carefully 
excluded from the analysis as they can also alter plasma confinement. For 
most of this analysis, discharges were chosen that exhibited large 
amplitude MHD activity arising after a large sawtooth collapse following a 
period of sawtooth stabilization. The confinement parameters were 
determined before the sawtooth collapse and again after more than one 
confinement time following the collapse, when they had reached a new 
equilibrium value with the same input power in the presence of an MHD mode. 

In addition to this analysis, correlations have been made between 
slowly rotating (̂ 3 -.5 Hz) low m, η (usually m=2, n=l) magnetic activity, 
called quasi-stationary modes (QSM's), and central m=l, n=l activity 
observed on the electron temperature profile. QSM oscillations are 
observed on the Η /D signals, the infrared limiter viewing camera, and on 
ECE signals from the edge right up to the center of the plasma. This 
strong mode coupling [1] from the center to the edge indicates how such 
large amplitude MHD activity can affect global confinement properties. 

MHD Effects on Particle Confinement Edge influxes as measured by Ha/Da and 
CIII emission signals are modulated up to 50Z by slowly rotating QSM's. 
Similar modulation is also observed on an infrared limiter viewing camera, 
with good phase correlation with the mode indicating that the bright 
emission corresponds to the X point of the MHD mode. 

Particle pumpout rates tend to increase with the amplitude of the QSM 
reaching rates two to three times as fast as without the mode under some 
conditions. Wall pumping and boundary effects, however, can alter the 
pumpout rates and mask the MHD effects [2]. Figure 1 shows a comparison of 
two similar X point configuration shots, the first with a QSM after the 
large sawtooth collapse at 12 sec and the second without a QSM. The fourth 
trace from the top shows that the number of particles drops by more than 
12% in the first shot, but by less than 5% in the second shot, indicating 
that about 1% of the total number of particles were lost due to enhanced 
particle flux by the QSM. In the first shot, br/B0(wall) = 0.23Z. Similar 
enhanced pumpout rates are observed with QSM's after pellet injection, but 
the lack of similar shots with and without a QSM makes a quantitative 
comparison difficult. 

A68 



SHOT 11186 SHOT 11187 

10.5 11.0 11.5 12.0 12.5 13.0 10.5 11.0 11.5 12.0 12.5 13.0 
Time (s) Time (s) 

Figure 1. Comparison of two similar shots with and without a QSM. a) Τ (0), 
b) QSM amplitude, c) diamagnetic stored energy, d) total number of 
particles, e) ICRH power. The degradation of particle and energy content 
is evident during the QSM. 

MUD Effects on Momentum Confinement Neutral beam injection in the 
direction of the plasma current generally enhances the toroidal momentum of 
the plasma, but this extra input momentum can be reduced by the onset of 
low m, η MHD activity. Unlike the effect on particle and energy 
confinement, the plasma momentum appears to be affected by any observable 
amplitude of coherent MHD activity, in that there is almost always a good 
linear correlation between the MHD frequency of oscillation and the central 
ion toroidal rotation velocity [3]. This is particularly evident when mode 
locking occurs and the rotation ceases on the MHD signals as well as on the 
central ion toroidal rotation velocity, within the error of the 
measurement. Even in cases when the MHD activity is oscillating rapidly at 
amplitudes of only br/BQ(wall) ~ 0.01Z (with m=3, n=2), there can be a 
loss of central plasma momentum by more than 50Z. Such cases clearly 
demonstrate that strong toroidal· mode coupling is responsible for the 
degradation in the central momentum, perhaps being lost to the vacuum 
vessel walls through induced eddy currents. 

MHD Effects on Energy Confinement Large amplitude MHD activity can also 
significantly degrade the plasma stored energy. Figure 2 shows that the 
amount of enhanced degradation in the stored energy, Aw/W, depends almost 
linearly on the relative amplitude of the MHD mode, Λb r(n=l)/BQ(wall). 
This data contains combined NBI, ICRH, and ICRH alone, fast oscillating 
m-3, n=2 modes, and slowly rotating or locked m=2, n=l modes that arise 
after a large sawtooth collapse. The contribution to the drop in stored 
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Figure 3. Effects of QSM on Te at 
different radii showing strong mode 
coupling between m=l and m=2. 
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Figure 4. Thomson scattering electron temperature profiles at nearly 
opposite phases of the m=2, n=l QSM oscillations showing a strongly coupled 
m=l mode in the plasma center. A typical error bar shows the accuracy of 
the measurements. The phase of the oscillations on the QSM signal at the 
times of the two temperature profiles are indicated in the lower figure. 

A70 



energy due to the sawtooth collapse itself is minimized by taking the 
measurement during the MHD activity only after more than one confinement 
time following the sawtooth collapse to allow the plasma to reheat. 

The time evolution of this enhanced degradation is shown in Figure 1. 
The central electron temperature and stored energy remain low during the 
QSM on the first shot, but increase again with continued heating on the 
second shot without a QSM. The first shot had about a 172 drop in stored 
energy while the second shot without a QSM had an initial drop of 10Z at 
the sawtooth collapse that subsequently returned to near the peak value of 
the stored energy before the ICRH was turned off. Since the drop in the 
electron temperature in both shots was about the same, the difference in 
the change in stored energy between the two shots must be due to the QSM. 
Note that locked modes arising before density limit disruptions also show a 
similar degradation in confinement [A]. 

Such evident MHD effects on global confinement parameters also manifest 
themselves directly in changes in the electron temperature from the edge 
right up to the center of the plasma. Figure 3 shows the strong toroidal 
mode coupling of the QSM oscillations near the plasma edge, analyzed with 
magnetic pick-up coils to be m=2, n=l, with oscillations on the ECE across 
much of the plasma. The m=l character of the ECE oscillations is evident 
by the phase inversion across the plasma center. Note that the sawteeth 
persist despite this large m=l mode. Further evidence of the effects of 
the QSM oscillations on the center of the plasma are shown in Figure A. 
The LIDAR Thomson scattering system [5] acquired electron temperature 
profiles at nearly opposite phases of the QSM oscillations. The difference 
in the profiles indicates an m=l structure across the plasma center with an 
amplitude of + 600 eV. Such a large change in temperature is well outside 
the errors in the measurements. 

Conclusion The strong coupling between MHD modes observed from the limiter 
right up to the plasma center demonstrates that these modes can affect most 
of the plasma. This strong mode coupling must then be at least partly 
responsible for the observed degradation in particle, momentum, and energy 
confinement during large amplitude MHD activity. The correlation of the X 
point of the magnetic island with locally enhanced radiation suggests that 
particle and energy transport may be increased locally around the X point 
of the mode. The observed degradation in particle and energy confinement 
depends on the mode amplitude rather than on whether or not the mode is 
rapidly oscillating or locked, while the loss of momentum depends on the 
frequency of oscillation of the mode more than on the mode amplitude. 
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LOCAL HEAT TRANSPORT IN JET PLASMAS 

* 
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INTRODUCTION 

Two complementary approaches to the study of heat transport in JET plasmas are 
described in this paper. In the first approach, 1—D simulations have been performed 
using two different forms for the heat fluxes which are based on global scaling laws, 
have the scale invariance of theoretical models and represent the two generic models 
for the heat fluxes[l] capable of reproducing the main features of the plasma response 
to additional heating. Even though the mechanisms for confinement degradation are 
different, both forms can reproduce a wide range of data from JET and other machines. 
It is found with both models that the data can only be matched if the electron and ion 
transport coefficients have the same form and approximately the same magnitude. 

In the other approach which will be described here the parametric dependence of the 
heat flux on local quantities has been obtained by fitting the data with a form with the 
scale invariance of the non—linear gyrokinetic equation of Frieman and Chen[2]. A good 
fit is obtained to a set of data obtained from neutral beam heated discharges with 
I p = l - 5 MA. 

SIMULATIONS USING DIFFUSIVITIES WITH MODEL SCALE INVARIANCE 

An extensive programme of simulation of JET discharges has confirmed the result[3] 
that models of the electron heat loss based on the dissipative trapped electron mode 
fail to reproduce T e profiles. A similar conclusion has been reached concerning the 
Pogutse/Parail[4] and r\t models[5] by a direct comparison of the electron conductivity 
with the experimental values. 

Two local transport models have been proposed at JET which provide the degree of 
profile resilience and confinement degradation required by the experimental data, are 
related to scaling laws for r j ; that fit the results from several devices and are 
sufficiently complete to be used in transport codes. 

The first of these models[6] produces confinement degradation through a transport 
threshold at a critical value of temperature gradient. For simulations we have used 
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electron and ion heat fluxes 
qeRL = *eXeRL(VTeVcTe)  n e x e l R VT e for VTe>VcTe 

= — ngXeip^VTg otherwise 
<ÜRL = K i R L ^ e R L Í ^ ^ i ^ e ^ e ) ^ / ^ ) 1 / 2 

where X e R L = xe0R(Teq/BTRy2T i)(l+2dln(ne)/dln(Te))(C1+R|Vq|/qrl 
and VcTe = α ί Ε ι ι Β τ / η ^ β )

1
/ ^ ^ 

If SI units are used with keV for temperatures, then ααδ, C]=2, XeOR^O an<^ 
XelR=0.1 give a good match to the data. In order to reproduce TJQ, the total energy 
content and the NPA ion temperature profile, where available, it is found that K^p^sl 
is required. 

The second model is based on a resistive MHD scaling law for T£[7] and the 
confinement degradation occurs because of the nonlinear dependence of the heat flux on 
the pressure gradient. We have used 

qePT =  n e x p T V T e 

q i P T =  n i X p T V T i 
XPT = C P T / / ^ ( W ^ A A * 1 1 ) ' ( V P/V C P) 

where σ is the Spitzer electrical conductivity, v ^ the Alfven speed and Vcp the 
threshold pressure gradient for ideal ballooning instability. Ορτ^ΟΟδδ has been found 
to reproduce a wide range of data. 

Both the above models have been used in a simple 1—D time independent code which is 
used for parameter scans. This code solves the ion and electron temperature equations 
and models the ICH and NBH fast ions. The heating deposition, electron, ion and 
current density profiles are represented by analytic forms. For the dynamics of 
particular discharges a full time dependent 1 /2D transport/ equilibrium code JETTO 
is used. JET data is used for some quantities such as the density and radiation profiles. 

Some uncertainty remains in the values of Xe0R and Cpf. This largely because of the 
insensitivity of the calculated quantities such as temperature and density to these 
parameters due to non—linear effects and because of experimental errors. For some 
conditions the transport inside q=l must be modified. The results of the simulation of 
a range of JET discharges such as the hot electron, hot ion and off—axis heating will be 
presented. Figures 1 and 2 show the model electron temperature profiles with the ECE 
data for 2MA/2.5T on— and off—axis ICH discharges. 

EVALUATION OF THE THERMAL DIFFÜSIVITY FROM HEAT FLUX DATA 

The local heat flux in JET NBH discharges has been studied with the aim of 
determining values of local heat diffusivity[8]. No attempt is made to separate the total 
flux into an ion and electron heat flux since no ion temperature data is available. 
Similarly no allowance is made for the radiation loss channel; the latter can for some 
JET pulses be shown to be small compared with the total flux at plasma radii less than 
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0.85—0.95a. Thus the total flux q ^ includes the Ohmic and NBH power inputs. 

The data on qfa from 350 observations is analysed in terms of models qf and it has 
been shown that[7,8] 

qf = en*VTe  Π 
represents the best fit to the data. The temperature gradient VTe is determined from 
ECE and the density is measured by interferometer; the heat pinch is Π. Depending on 
how the data is selected various estimates of the heat diffusivity χ can be arrived at. 
One definite pattern emerges from the data: χ shows a pronounced dependence upon 
the current Ip(x) enclosed within a surface x.¡ χ ~ 1/Ip(x). 

By applying the similarity techniques of Connor and Taylor[9] to the gyrokinetic 
equation of Frieman and Chen[2], assuming that small space and short time scale 
turbulence is responsible for local transport, the diffusivity is constrained to the form 

χ = ( v ^ / L ) F(*L/v,0 
where ρ is the Larmor radius, L is some scale length, ν a collision frequency, ν a 
thermal velocity and β the plasma beta. The function F can be arbitrary. In practice 
we have employed 

χ = C T 3 / 2 / l 2 L ( n L / T 2 ) « ( „ T / l 2 ) 7 
and apply non—linear regression techniques to the data on q, η, Τ etc.. It is found that 
C=10±0.4, α=0.4±0.02, τ=0.42±0.02 and E=2.6±0.5 represent the optimum values. 
This essentially implies that χ«1/Ιρ(χ). It should be stressed that there is a 32% 
scatter in the fit of qf to the data q^ . A plot of the best fit against the data is shown 
in figure 3 and the scatter is evident. 

Many approximations are made and the data contains scatter not only from the 
measurements but also from sawtooth oscillations. To improve on the latter we are 
repeating the above study for 150 JET ICH discharges. These discharges have been 
selected as they do not have sawtooth oscillations( "monster sawteeth"). The results 
from the analysis will be discussed. 
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GLOBAL CONFINEMENT CHARACTERISTICS OF JET LIMITER PLASMAS 

D J Campbell, J Ρ Christiansen, J G Cordey, Ρ R Thomas, Κ Thomsen 

JET Joint Undertaking, Abingdon, Oxon, UK, 0X14 3EA 

Abstract 

Data from a wide variety of plasma pulses on JET (aux. heating, 
current, field, minority species, plasma shape, etc) are analysed in order 
to assess the characteristics of global confinement. The scaling of 
confinement in ohmically and auxiliary heated discharges is examined. The 
ohmic confinement in the present new JET configuration (Belt Limiter) is 
essentially the same as previously. Confinement in auxiliary heated 
discharges shows presently a slight improvement since 1986. Both ohmic and 
non-ohmic data is used in a set of confinement time regression analyses and 
certain constraints derived from theory are imposed. 

1 . Ohmic Heating in JET 

Previous work [1] on confinement in JET ohmic discharges was found to 
be best described by an empirical scaling law 

<Te> - Βφ
& <n>b qC Kd (1) 

Τ is electron temperature, Β toroidal field, η is electron density, while 
q is safety factor of a plasma configuration with elongation K; the 
brackets <> denote a volume average. The scaling parameters a, b, c, d 
were for 1984-85 data 1.8, -0.6, -1.0, 0.8 respectively. Eq.(1) is a 
consequence of Ohm's Law and similar expressions can be found for Ζ ^ and 
τΕ, the global energy confinement time. The ohmic data obtained from 
experiments on JET in 1986, 87 and 88 is still described by scaling laws of 
the type (1). Figure 1 shows a plot of <Te> measured by ECE versus the 
expression (1). The fitting parameters a, b, c, d are now found to be 1.3, 
-0.55, -1.08, 0.68 respectively; the change in the exponent a is caused by 
a greater variety of B. values during 1986-88; in 1985 B. was mostly 3·4Τ. 
The data in Figure 1 includes 1984-85-86 data with toroidal limiters and 
1987-88 data with belt limiters. The introduction of belt limiters have 
resulted in generally higher values of elongation K. The full data set 
(1984-88) is now more evenly balanced as regards variations in K and B. and 
this increases the level of confidence in the scaling law (1). 

2. Decoupling of Ions from Electrons 

The auxiliary heating systems (NBI and ICRH) on JET give access to 2 
regimes in which the ion and electron temperatures are decoupled for 
periods longer than the global energy confinement time tg. Neutral beam 
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heated discharges following extensive helium discharge cleaning in 1986 
yielded low densities (inner wall pumping) and subsequent hot ion modes [2] 
for which T,  2Te. During 198788 ICRH discharges with hydrogen minority 
and up to 16MW of power have produced Te  2T^. Figure 2 shows that 
substantial temperature differences T^Te occur only when the ratio τθ /τ Ε 
exceeds 1; this result demonstrates that energy equipartition in JET is 
classical and is characterised by the time constant τθα· It is worth 
noting that the confinement time τΕ for the data in Figure 2 is largely 
independent of the sign of TţTg (but not the magnitude). Since Τ\Τβ = Ίί 
or Tg the independence of τ£ upon the sign of T̂ Tg provides some 
constraints on future Tokamak confinement theories: neither of the heat 
diffusivities χ or xi can have a strong temperature dependence. 

3. Fast Ions from ICRH 

It is possible to establish trends in JET data from powerdensity 
scans in ICRH heated discharges with fixed currentfield (2MA, 2.2T). The 
energy content Wdia measured by the diamagnetic loop estimates the total 
energy W^ (thermal and nonthermal). 

At constant ICRH power L> decreases as η increases, while the energy 
content Wk^n does not decrease with n. W

Lin estimates the total thermal 
energy from ECE, interferometer and Xray crystal spectrometer data. 
Because of this density dependence we can test the data on W.· , Wkin 
against the fast energy content predicted by theory, ie, 

W„ = i(w..  W. . )  P__ τ /2 , (2) 
f
 3

^ dia kin' RF s 
3/2 

where τ3 denotes the classical slowing down time τ3 = 0.075Te /n (for He3 
minority). The data values in Figure 3 of 7(wd;a  Wk^n) do exhibit the 
dependence (2) upon PRF and τ3 (Te, n). The scatter arises from taking 
differences between measurements which include both random and systematic 
errors. Indeed to achieve the level of agreement depicted in Figure 3 it 
has been necessary to reduce the ECE measurements systematically by 20Í; 
this reduction brings together the ECE and LIDAR measurements of electron 
temperature. The value of τ is based on an average over a fraction of the 
plasma volume. 

4. OnOff Axis ICRH Heating 

In a sequence of 10 ICRH pulses the resonance positions for each of 
the 8 JET antennae has been moved from onaxis (R = 3m) to offaxis (R = 
3.5m). The confinement properties of plasmas with different ICRH power 
deposition profiles can be described by an offsetlinear law 

W = W(0) + (xP) o n_ a x i 3 ♦ (TP) o f f. a x l 3 · (3) 
The incremental confinement time τ and power level Ρ associated with onoff 
axis heating allow for a range of increments. Figure H shows measurements 
of W plotted against the values predicted by (3). Eq.(3) gives a very good 
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description of the data from the 10 ICRH pulses which feature 100% offaxis 
as well as 100% onaxis heating; it is based on the transport models of 
[3]. The Ton_axis = 0.21s and Toff_axis = 0.15s showing that the 
confinement depends on the location of the heating power as shown in [3]. 

5. Confinement Scaling 

Data obtained from JET experiments during 19841988 (approximately 
3000 pu l ses ) i s employed in r eg re s s ion analyses as descr ibed e a r l i e r [ 1 , 2 ] , 
An empi r i ca l express ion for the confinement time τΕ l i k e 

τ E = 0.3 V · 1 η 0 · 2 Ρ  0 · 5 (4) 

emerges as the b e s t f i t to the e n t i r e d a t a . In Eq.(4) the u n i t s are I(MA), 
n ( 1 0 l 9 m  3 ) and power Ρ in MW. The c o n s t r a i n t s imposed by applying the 
ConnorTaylor s c a l e invar iance t echniques to the g y r o  k i n e t i c equat ion 
derived in [4] r e s u l t in the sca l ing law 

τΕ  ρ2 v/L F(vL/v, β) . (5) 

ρ is Larmor radius, ν is thermal velocity, L is a length scale, υ is a 
collision frequency and F is an arbitrary function. If the latter is 
represented by a power law expression such that 

τΕ  ρ2 v/L(vL/v)a ¿Ύ , (6) 

then a wide range of scaling laws are possible depending upon the choice of 
p, v, L, v, g; eg, pe or pi, ve or vi, L=a or Vn/n, ν = \>ei etc. Eq.(6) 
provides for a good test against JET data since vL/v chosen as naZeff/Te2 
varies by a factor 20 while β chosen as nT /I,2 varies by a factor 10. An 
a priori choice of α and Ύ establishes a set of scaling laws: α = V2, Ύ = ~V2 
yields the offset linear law of [2] and gives a good fit; so too do 
electrostatic models with Ύ = 0; α = 0, Ύ = 1 (T11 scaling) and α = 1, 
γ = 1 (resistive fluid turbulence) do not fit the data. Applying 
regression analysis one finds; α = 0·3ι Ύ = 0.1 from the best fit corres
pond to 

τΕ = 0.22 I^1
·
05 η 0

·
3 Ρ  0

·
5 Β φ

0
·
1 5 (7) 

We notice that (7) is essentially the empirical fit (4). 
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HIGH CURRENT OPERATION IN JET 
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ABSTRACT. Plasma currents of 6MA have been obtained in JET with a limiter 
configuration and 4.OMA have been obtained with a magnetic separatrix which 
was well separated from the limiters. A 4.5MA X-point discharge has been 
produced, but the separatrix was close to the belt limiter. These have 
been made possible by improvements to the primary configuration which 
reduce the stray field at breakdown, increase the volts-second capability 
and enhance the shaping effect due to the primary. 

Scenarios have been tested which demonstrate the feasibility of 7MA 
limiter operation and 5MA X-point operation. 

The physics issues to be discussed are magnetic configuration, 
breakdown, current penetration, stability and volts-seconds consumption. 
The confinement properties of limiter and X-points will be compared. 
1 . HIGH CURRENT LIMITER OPERATION 
1.1 Breakdown. Reliable breakdown can be achieved with Vp-10-30 Volts. At 
maximum premagnetisation, where the stray field is -2E-2 Tesla, prompt 
breakdown is obtained provided the fields are tuned to give an hexapolar 
null in the centre of the chamber. In this case the volts seconds loss at 
breakdown is less than 1 volt-sec. Careful preprogramming of the vertical 
field is required until the plasma fields dominate the stray fields. 
1.2 Current Penetration and Stability. The empirical stability diagram for 
JET [1 J is shown in Fig.1 with the trajectory of a 6MA discharge 
superimposed. It is necessary to programme the current ramp rate, 
elongation, minor radius, gas feed and toroidal field so as to avoid the 
lower boundary where the rotating MHD which arises at rational q reaches 
sufficient amplitude to lock. These locked modes are particularly 
dangerous because they often persist from early times in the discharge and 
later grow to cause disruptions at high current. In the example of Fig. 1 a 
current ramp as slow as 0.25MA/sec was necessary to allow the current to 
penetrate and thereby reach 6MA at qy<3· Although the rotating modes are 
clearly visible these do not lock. At constant q^ larger current ramps are 
possible. Thus by simultaneous ramp of plasma current and toroidal field 
the discharge shown could safely be extended from 6MA/2.8Tesla to 7MA/ 
3.4Tesla. 
1.3 Volts-Seconds Consumption. Fig.2 shows the total flux swing at the 
plasma boundary together with the inductive flux and resistive flux on axis 
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as functions of plasma current for the same 6MA discharge illustrated in 
Fig.1. The maximum volt-sec availaole is also shown for maximum 
premagnetisation for the two cases (a) maximum uniform reverse current in 
primary stack and (b) maximum reverse current in central pancakes and 
maximum reverse current in top/bottom pancakes. For tne first 5 seconds 
the resistive consumption is negligible but rises as q reaches 3 at 4.5MA. 
In tnis discharge the current ramp is only 0.25MA/sec and a total of 6 
volt-sec is consumed resistively by the start of the flat top. Clearly at 
this rate there are insufficient volt-sec to reacn 7MA at low q|# However 
a current ramp of 0.5MA/sec witn simultaneous toroidal field ramp has been 
demonstrated at low q up to 6MA. This scenario has sufficient volt-sec 
left to reach 7MA. For q >3 the resistive volt-sec is negligible during 
the current rise and at 5MA a flat top of 9 sec has been demonstrated. 
1.4 Heating During the Current Rise. RF heating has been applied during 
the current rise before the onset of sawteeth. Very high electron 
temperatures result, and a saving of about 1 volt-sec resistive loss is 
found. Although the change in v,̂  is small the onset of sawteeth is delayed 
by several seconds indicating either a change in the current profile near 
the magnetic axis or a stabilisation mechanism similar to the monster 
sawtooth L 2 j. 
2. HIGH CURRENT X-POINT PLASMAS. The formation of a magnetic separatrix is 
possible in JET at plasma currents 3~4MA by the combined effect of leakage 
fields from the primary and shaping coils, resulting in elongation <2. 
Higher currents can be achieved in the single null configuration by 
displacing the plasma axis away from the mid-plane and unbalancing the main 
vertical field coils. Fig.3 shows a 3.8MA X-point obtained in this way. 
This discharge entered the Η-mode with neutral beam heating. An X-point 
has been produced at 4.5MA but in this case the separatrix was close to the 
lower belt limiter. A 5MA X-point should be possible with larger imbalance 
in the vertical field coils. 

The X-point plasmas are no more vertically unstable than limiter 
plasmas with the same current and elongation. However, in the asymmetric 
configuration, the vertical motion is usually towards the X-point and the 
velocity is larger. Values of I /aBt=2 .5MA/(M-Tesla) have been achieved 
for X-points compared with 2.1 for limiter plasmas. 
3. COMPARISON OF LIMITER AND X-POINT CONFINEMENT. Heating experiments are 
currently underway for high plasma currents in both limiter and X-point 
configurations. Values of nd(0)Ti(0)τ-1.8E20m~3keV-sec have been achieved 
in recent 5MA limiter experiments which is similar to 3MA Η-mode data. At 
3.8MA nd(0)T1(0)-r-3E20 has been acnieved in the Η-mode. In both 5MA 
limiter and 3-8MA ri-mode the plasma energy content reaches -7MJ . However, 
wnereas the limiter case requires a power input of 15MW, the 3.8MA X-point 
requires only 8MW to reach this stored energy. 
References 
[IJ J.A. Snipes et al. JET-P(88)01 Submitted to Nuclear Fusion. 
[2j D. Campbell et al. JET-P(87)20 Submitted to Physical Review Letters. 

A8i 



Fig. 1 
Empirical stability diagram 
showing: 

■^-^— Stability boundaries in 
fc< ·ςψ plane 
Trajectory in ^"q^ plane 
of 6MA pulse |3944 
Amplitude of B. versus q,, 

— quasi stationary mode Ψ 
amplitude versus q 

Ψ 
Q 1 sec after breakdown 
ifi 1 sec intervals 
& start of current flat top 

0 
I.5 
1.0 
0.5 
0.0 

o'S 
h _L_ 

U *^..·".._ 
-■?■ 

0 2 4 6 

Fig. 2 . 
Flux at plasma 
boundary versus 
plasma current (MA] 
shot 139^ 

for 

Total flux change 

40 

30 ̂  

20 
Plasma inductive flux change 
Plasma resistive flux change 
Volt-sec limit (a) see text 
Volt-sec limit (b) see text 

Q 1 sec after breakdown 
;jc 1 sec intervals 
ă start of current flat top 

0 

ΔΤ0 

IpN) 
I ' I ' I ' I ' I ' I ' I 

0 1 2 3 4 5 6 7 

A82 



PXÜ::A_
 r

_ j / co\ r /"Ν Γ (

Ν '  Ξ  L A 5
S

^ 
2.5 

2. O 

0.0 0. S 1.0 1.5 2.0 3. 0 S. Ξ 4. 3 t. 5 

fig. 3 
Magnetic surfaces for Hmoae shot 148Ö3. I = 3.3MA, BŢ=2.1 Tesla. 
Note the single x-point at the top. 

A83 



ION TEMPERATURE PROFILES AND ION ENERGY TRANSPORT IN JET 
DURING ADDITIONAL HEATING AND H-MODES 
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L Horton**, Ρ Larsen, C Sack, Η Ρ Summers, A Taroni, F Tibone 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 
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EXPERIMENTAL Tţ PROFILES 
The ion temperature is deduced in JET using various diagnostic systems 

in order to cover all possible plasma scenarios. 
Ion temperature profiles have been in the past deduced from a model 

dependent analysis of the data obtained with an array of four passive 
Neutral Particle Analysers (NPA) only during ohmic and ICRH heated 
discharges [1]. 

In this paper we report on initial T^ profile measurements during 
Neutral Beam Injection. These have been obtained from both the multichord 
line-of-sight system of the visible charge exchange (CX) spectroscopy 
diagnostic which uses the JET Neutral Beams as diagnostic beams [2,3], and 
the upgraded version of the analysis of the NPA data. 

With the CX spectroscopy system, radial profiles of ion temperature 
and toroidal velocity [4] are deduced from the Doppler broadened 
recombination spectra of fully stripped plasma ions such as deuterium, 
helium, carbon and oxygen. A multichord array in the near equatorial plane 
intersects the neutral beams at 8 positions between R=2.3m and R=ll.1m with 
a spatial resolution of ± 10cm. An additional single vertical line 
intersecting the neutral beams in the plasma centre enables to compare the 
temperature of different ions and to investigate possible anisotropic 
velocity distribution functions. 

In the first period of operation, ion temperature profiles were 
measured during Η-mode phases of X-point discharges [5] and during combined 
RF and NB heating. Representative peaking factors of parabolic ion 
temperature profiles are between 1 and 2, the profiles becoming flatter 
during Η-modes. Fig.1 gives an example of the time evolution of the ion 
temperature profile (based on 08+ (10 to 9)j, while in Fig.2 profiles at 
different times are compared. Hollow ion temperature profiles can 
sometimes be observed. A more detailed investigation will be possible when 
a new system using a finer mesh of lines Haf-sight employing 15 chords 
becomes operational. 

In Fig.3 profiles obtained from the NPA data in different NBI 
scenarios are shown. They are obtained taking advantage of the fact that 
the JET NPA system can simultaneously measure hydrogen and deuterium 
particles. While the deuterium spectra are simulated taking into account a 
Fokker-Planck description of the slowing down of the beam particles [6], 
the hydrogen spectra remain Maxwellian and help in the reconstruction of 
the profile. In this way profiles during a hot ion mode discharge 
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(Fig.3a), during NBI into a l imi te r discharge (Fig.3b) and during NBI into 
Xpoint discharges both in Lmode phase (Fig.3c) and in Ηmode phase 
(Fig.3d) have been obtained. 

A broadening of the prof i le i s observed at the t r ans i t ion from L to Κ 
mode, consistent with the CX spectroscopy. 
TRANSPORT ANALYSIS 

I n i t i a l resu l t s of ion t ransport analysis based on T¿profiles 
measured by NPA were presented in [ 7 ] . The ava i l ab i l i t y of an extended 
data base for ohmic and RFheated plasmas allows us now to es tab l i sh those 
conclusions more firmly. Furthermore, we are in a posit ion to discuss 
preliminary resu l t s on local ion t ransport during NBI. 

The predict ive t ransport code JETTO connected to JET data banks has 
been used, adopting the same modelling techniques described in [ 7 ] , unless 
otherwise specified. The main conclusion in [7 ] , i e . the evidence for 
anomalous ion t ransport , has been confirmed by further analysis of ohmic 
and RFheated discharges. I t remains t rue even when the LIDAR electron 
temperature profi le i s taken as experimental reference instead of the ECE 
measurement (the former can be as much as 25* lower than the l a t t e r in some 
of the considered cases) . 

Figure 4 shows a representat ive example of our r e s u l t s , corresponding 
to the f l a t  top phase of a "monster sawtooth" for a deuterium plasma with 
7.5 MW onaxis RF heating (H minority) and peak electron temperature Τ = 
7 keV (from LIDAR). Electron energy t ransport has been modelled here using 
a nonlinear heat flux model (xe <* Vp [8 ] ) , that yields Tgprofiles in 
agreement with the experimental data, and v i r tua l ly insensi t ive to the 
variat ions in T^(p) shown in Fig.4. The three computed Τ,prof i les in 
Fig.4 have been obtained assuming: a) χ, = xe; b) x i = χ<(η<) + X¿ n e 0 , 
where X^(n^) i s the anomalous conductivity due to the exci ta t ion of ion 
temperature gradient driven modes [ 7 ] , while χ± n e 0 i s the ChangHinton 
neoclassical coefficient [9 ] ; c) x¿ = 15 x¿ neó> 

I t i s apparent that a strong ion thermal conductivity in the outer 
half of the plasma i s necessary to reproduce the measured T^(p) : χ̂  = χ 
appears to be the best avai lable prescr ipt ion. 

The same prescr ipt ion, when used in the simulation of an Xpoint 
discharge with NB heating, proves successful in reproducing T^(p) from NPA 
during the L as well as during the Hphase. 

We should s t r e s s the preliminary nature of these calcula t ions , and the 
fact that we are simulating the behaviour of a plasma undergoing t r ans ien t s 
(Fig.5) . 

In the transport code simulation, the time evolution of the electron 
temperature i s sa t i s f ac to r i ly reproduced by using an empirical electron 
thermal conductivity model based on the "profile consistency" constra int 
[10], combined with Bohmlike t ransport in the region where q<1 , to 
simulate the average effect of sawteeth. 

Figure 6 compares the experimental NPA profi les during L and H mode 
with those computed using χ̂  = χ . 

During the early stage of the Ηmode, to which the profi le in Fig.6 
refers , the thermal conductivity throughout the plasma i s found to be 
comparable to i t s ohmic value. At the e a r l i e r Lmode time in Fig.6, χ i s 
somewhat larger , but i t evolves in time and no discontinuity i s observed in 
transport at the t r ans i t ion to the Hmode. 
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FIGURE 4 
Experimental T. profiles compared 
with those computed with: 
a  Xi= Xe . 
b  x.= Xi(ni) + 

ι ,neo 
c  χ.= 15 χ. 
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INTRODUCTION 

Strong toroidal rotat ion (ω á 10s rads sec  1 ) in Neutral Beam Heated 
(NBH) discharges in JET has been'previously reported [ l ] . Recently the 
multichordal vis ib le charge exchange recombination spectroscopy (CXRS) 
diagnostic has produced radial profiles of the toroidal veloci t ies of 
dominant l i gh t impurities (carbon and oxygen). These are compared with 
Xray spectroscopy and an estimate of plasma viscosi ty obtained. 

INSTRUMENTATION 

The spectroscopic s ight l ines which 
will eventually be applicable to 
ro ta t ion measurements on JET are shown 
schematically in figure 1. An Xray 
crysta l spectrometer [2] viewed 
radia t ion from a NiXXVII resonance l i n e , 
determining the central (major radius 
 2.73.5 m) toroidal angular velocity 
via Doppler shi f t determination. The 
CXRS diagnostic [3] measures the Doppler 
shifted l i gh t from excited Cs+ and 0Θ+ 

ions resul t ing from chargeexchange 
col l i s ions of the Neutral Beams with the 
ful lys t r ipped impurity ions in the 
plasma. This diagnostic has 8 l ines of 
sight across the plasma giving a 
toroidal ro ta t ion profi le at points 
defined by the in tersect ion of the 
chords and the neutral beams. In 
addition an XUV diagnostic [ l ] was 
occasionally used to make measurements 
on the lower ionisation s ta tes of 
nickel . 

XUV 

Xray 

Fig .1 : Schematic showing ins t ru
ments on JET. NBI denotes the 
two banks of neutral beams, 
CX the 8 l inesofs ight of the 
charge exchange diagnostic, 
Xray and XUV denote the sight 
l ines of these two spectrometers, 
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RESULTS 

Figure 2 shows an example of the time history of the rotation 
velocities derived from Dopplershift measurements on the rotating C = +

* 
ions at different major radii. The discharge shown is one in which the 
Ηmode was achieved during NBH in a singlenull Xpoint discharge and the 
start of the Ηmode is indicated by the drop in the edge H„ recycling. The 
rotation profile shapes show little change in time indicating that the 
velocity profile is established across the whole plasma radius rapidly (< 
500 ms) after the start of injection. This is a similar timescale to the 
acceleration of the plasma to equilibrium speed. 

The contrast to the plasma behaviour observed with ICRF heating is 
shown in figure 3. The CXRS diagnostic is not available when NBH is not 
applied to the discharge but rotation of the nickel lines measured by the 
Xray and XUV diagnostics is shown. It is not possible to determine the 
unshifted (stationary plasma) position of any line with sufficient 
provision to ascribe absolute rotation velocities to the shifts observed. 
Previous measurements of rotating MHD modes on JET [1] and their 
correlation with the central NiXXVII Dopplershift have shown that Ohmic 
plasmas prior to NBH are normally rotating slowly ( 0.6  0.8 101* rads 
sec"

1
) in the direction counter to the plasma current. ICRF can be seen to 

increase the counter rotation. This is consistent with previous 
observations [i] that ICRF slows down the NBHinduced plasma rotation 
during combined heating discharges. 

Figure 4(a) shows an example from a shot similar to that of figure 2, 
of a rotation profile time history obtained from the CXRS diagnostic. The 
central measurement of rotation from the NiXXVII line agrees within errors 
with that of the CXRS for the nearaxis rotation. The data in figure 4(b) 
show how the rotational profile develops through the period of the 'monster 
sawtooth' (figure 4(c)) developed in a JET Ηmode discharge. A sawtoothing 
action of the central rotational velocity is evident which is similar to 
previous observations on the NiXXVII line Ll] in Lmode discharges. The 
rotational profile appears to broaden during the JET Ηmode. If a para
bolic function is fitted through these rotational profiles a ì value from 
1 to 2 is normally obtained although the function is not a particularly 
good fit. At present the position of peak rotation appears to be shifted 
by  1015 cm with respect to the electron temperature maximum determined 
by the JET LIDAR Thompson scattering diagnostic [5j. The origin of the 
shift is under investigation but does not affect relative profile shapes. 

VISCOSITY 

A calculation has been made of the viscosity profile using the CXRS 
dUa and assuming that the momentum loss is governed by a diffusion type 
equation 

12 
ót ""' 'ρ 

div Γ + S(r) = 0 (steady state) (1) 

with Γ =  χ grad ρ (2) 
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where p ( r ) = mv(r) i s the plasma momentum 
χ = d i f f u s i v i t y of momentum ( v i s c o s i t y ) 
S(r ) = f i e l d l i n e averaged momentum source 

r a t e from the beams 

For s i m p l i c i t y l i n e a r momentum in the oute r semiminor r ad ius (not 
a f f ec t ed by the sawtooth) i s considered and the r o t a t i o n a l ve loc i t y of a l l 
ion s p e c i e s i s assumed equa l . This i s va l id t o within a few per cent at 
the e l e c t r o n temperatures under c o n s i d e r a t i o n . S( r ) i s a v a i l a b l e for JET 
from a n e u t r a l p a r t i c l e depos i t i on code PENCIL [ β ] , which a l so c a l c u l a t e d 
the number of f a s t ions in t rapped o r b i t s and hence not c o n t r i b u t i n g t o the 
force ba lance . In so lv ing (1) and (2) the momentum and source p r o f i l e s 
have been approximated by low order polynomials . The c a l c u l a t e d v i s c o s i t y 
p r o f i l e ( x ( r ) ) i s shown in f i gu re 5. Also shown as a s e n s i t i v i t y a n a l y s i s 
i s the d i f f e r ence which a s h i f t of  1015 cm in the v e l o c i t y p r o f i l e would 
br ing t o the x( r ) c a l c u l a t i o n . x( r ) decreases monotonical ly with r a d i u s 
due t o the momentum depos i t i on p r o f i l e being peaked near the ax i s and a 
near l i n e a r f a l l of momentum with minor r a d i u s . The v i s c o s i t y der ived i s 
comparable t o the d i f fus ion c o e f f i c i e n t of 1 m  2 s~x assumed for impur i t i e s 
on JET. A global momentum time of  0.66 sees i s der ived from i n t e g r a t i o n 
of the s t o r e d momentum. This compares with an energy confinement t ime in 
t h i s Hmode  0 . 9 s e e s . 
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CX angular—frequency radial profile 
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Fig.ll: Rotational prof i le time 
development ( a ) , (b) during an Hmode 
discharge showing the effect of the 
monster sawtooth as seen by the 
electron temperature diagnostic (c ) . 
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Fig.5: Derived viscosi ty profi le at 
2 times within an Ηmode period (1) 
at the sawtooth peak (2) at the 
sawtooth crash. Hatched areas 
indicate the effect of the ± 8 cm 
error in r ad ia l measurement from the 
CXRS diagnost ic . 

CONCLUSIONS 

Rotation profiles of light elements from the CXRS diagnostic can now 
be produced during NBH. Agreement exists between the central values and 
those obtained from the Xray lines of nickel. The Xray and XUV 
diagnostics are capable of detecting differences in toroidal rotation 
between ohmi c and ICRF heating phases. 

Using data from the CXRS diagnostic a viscosity profile has been derived. 
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DIAGNOSING RF DRIVEN HIGH ENERGY MINORITY TAILS WITH 
γ-RAY AND NEUTRON SPECTROSCOPY 
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INTRODUCTION 
The emission of γ-rays from excited reaction products in JET plasmas 

has been monitored systematically since the first successful observations 
in 1987 [1]. Fusion γ-rays, ie. γ-rays emitted by fusion products from 
fuel ions, are routinely recorded for monitoring the fusion yield from 
D-

3
He plasmas, as reported in a separate contribution to this conference 

[2]. Here we concentrate on γ-rays emitted by reaction products from 
interactions of RF driven minority ions with plasma impurities (mainly 
carbon and oxygen). 

The experimental set-up is essentially the same as the one used in 
1987 [1]. Two detectors, a 125 mm diameter by 125 mm long Nal (Tí) and a 
75 mm by 75 mm BGO scintillator, are located in well shielded positions in 
the roof laboratory and view the plasma vertically along similar lines of 
sight. The results from both detectors are in reasonable agreement. 

H MINORITY HEATING 
A typical spectrum obtained during H minority heating is shown in 

figure 1. The most readily understood lines are those generated by RF 
accelerated H ions inelastically scattered from carbon and oxygen 
impurities in the plasma. For the excitation process to be energetically 
possible these ions have to exceed threshold energies of A.8 MeV and 7.5 
MeV for carbon and oxygen, respectively. 

The most prominent lines, however, are caused by second harmonic 
driven deuterons reacting with 12C to yield 13C in an excited state. The 
intensity of the 3 MeV line as monitored with a single channel analyzer 
follows closely the sawtooth behaviour of the neutron yield (figure 2) and 
only emerges from the background when RF heating is applied, thus proving 
the correlation between RF heating and γ emission. The observation of the 
3.8 MeV γ-line requires a certain fraction of the deuterons to exceed a 
threshold energy of 1.3 MeV; further analysis is hampered by the apparently 
erratic behaviour of the underlying cross section as well as the relative 
uncertainty in the density of the carbon ions. However, a simple model 
based on the ratio of the intensities of the 3.6, 3.8 MeV doublet to the 3 
MeV line and the knowledge that the cross section leading to the doublet is 
approximately equal to the cross section leading to the 3 MeV state, yields 
deuteron tail temperatures between 300 and 500 keV for RF power levels 
between 9 and 15 MW. The tail temperature has been defined here as the 
e-folding energy of an assumed exponentially decaying energy distribution 
function. 
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The fact that the magnitude of the 13
C(d,n)

13
N cross section for 

deuteron energies in the range of interest is comparable to the 
1 ̂ (d.p)

13
C+Y cross section, coupled with the observation of 3 MeV γ yields 

in excess of 1013 y's/sec, leads to the conclusion that, at present power 
levels (915 MW) and impurity concentrations (̂  10% C), about 10% of the 
observed neutrons originate from interactions with carbon. Moreover (d,d) 
neutrons created by the interaction of the deuteron tail with thermal 
deuterons from the bulk of the plasma contribute significantly to the total 
neutron yield. Unfortunately the energy spectrum of these neutrons is very 
broad, extending from "\. 1.5 MeV to 3.5 MeV, which makes observations with 
our high resolution neutron spectrometers difficult. Nevertheless, 
comparing the intensity of the 2.5 MeV neutron peak to the total intensity 
of fast neutrons shows that up to 50% of the observed neutrons are of 
nonthermal origin under conditions of intensive Η minority heating. 
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Finally, on one occasion the JET neutron profile monitor [3], which 
also monitors γrays on a regular basis, had been tuned to the 3 MeV γline 
and the resulting profile (figure 3b) demonstrates the central power 
deposition of RF energy. Assuming that the carbon impurity profile is flat 
then a power deposition volume of 8 m3 can be deduced in reasonable 
agreement with other observations and calculations [5]. 
3
He MINORITY HEATING 

Spectra obtained during 3He minority heating are much richer in lines 
as can be seen from figure 4. All prominent γlines can be identified as 
emanating from the 12C(3He ,p) Xi,N+Y reaction and transitions from 8 of the 9 
first excited states in 14N were observed. The highest γ energy observed 
so far is 7,028 keV; in order to populate the corresponding level the 
energy of the 3He ions has to exceed a threshold of 2.81 MeV. This is the 
first direct evidence for 3He ions reaching such high energies during RF 
heating. For this line to be seen, the RF power has to exceed 8 MW. 

From the relative intensities of the various lines and knowledge of 
the crosssections, the full distribution function of the fast 3He ions 
could be reconstructed. This however, is a major task which has only been 
started recently. In the meanwhile, a crude model based upon the 
comparison of the 6.4 MeV and 5.1 MeV line intensities and energy averaged 
cross sections has been applied tó a 2 MA discharge with 10 MW RF power (# 
14618) . For this particular discharge we deduce a tail temperature of 
around 1.5 MeV. 

The quite common observation of inverted sawteeth on the outer γ 
channels of the neutron profile monitor (figure 5) yields a further proof 
that these γrays are emitted by the plasma. It also shows that energetic 
3
He ions are expelled from the middle of the plasma at the sawtooth crash. 
This effect is particularly prominent with monster sawteeth. 

CONCLUSION 
The reactions of energetic, RFheated, H, D and 3H minority ions with 

carbon and oxygen impurity ions have been monitored by observing 
γradiatiön from their excited reaction products. The importance of carbon 
as the major impurity in JET plasmas is amply confirmed. An indication of 
the energy of the minority ions is obtained from a study of reaction 
thresholds; for ICRF powers in excess of 8 MW, minority ions are 
accelerated beyond 7.5 MeV for protons (H minority, fundamental), 1.3 MeV 
for deuterons (Hminority, 2nd harmonic) and 2.8 MeV for 3He (3Heminority, 
fundamental). Equivalent tail temperatures in the MeV range have been 
observed for the minority ions. 

Sawtoothing of individual gammaray lines shows the expulsion of fast 
ions from the middle of the plasma. Inverted sawteeth in the 
gammaemission from the outer regions of the plasma provide conclusive 
evidence that these γrays were emitted from the plasma. 

Finally, comparison of the 2.5 MeV neutron peak recorded with a 
neutron spectrometer with the total neutron yield shows that, under 
conditions of intense RF heating, a significant fraction of the emitted 
neutrons (50% or more) are of nonthermal origin. 
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EDGE FLUCTUATION MEASUREMENTS DURING 
XPOINT PLASMAS IN JET 
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1. INTRODUCTION 

Strong edge fluctuations are a characteristic feature which 
distinguish the Lmode phase of JET Xpoint plasmas from the relatively
quiescent, high confinement (H) phase. Periodic spikes, seen by several 
diagnostics viewing the outer region of the plasma, usually appear with the 
application of ICRH or NBI, initially at a repetition frequency of ^ 12 
kHz. If sufficient power is applied, the spikes slow to a frequency of ̂  
100 Hz before disappearing at the LH transition. Under some conditions, 
the Ηphase is followed by a further period of similar spikes, during which 
a reduction in the global particle and energy content occurs. This 
sequence of L and Η phases can be repeated several times during a discharge 
(see Figure 1). 

Previous studies of the coherent edge spikes have relied mainly on 
data from magnetic pickup coils and soft Xray diodes /1,2/. Detailed 
measurements, described below, have recently been made with a number of new 
diagnostics. These include Langmuir probes and pickup coils near the 
Xpoint position, a poloidal Daarray and a multichannel reflectometer and 
an ECE heterodyne radiometer viewing near the midplane. Comparison of the 
observed local perturbations with global changes, presented in Section 3, 
leads us to conclude that convection of particles from the outer region of 
the plasma during the spikes could be responsible for much of the observed 
reduction in plasma energy. 

2. LOCAL MEASUREMENTS OF EDGE FLUCTUATIONS 

A typical series of spikes leading up to an L » Η transition is shown 
in Figure 2. The magnetic coil nearest to the Xpoint shows a field change 
of up to 9 T/S. The rise time of the initial spike is 50 με, while the 
burst of activity lasts for % 300 ps. A simultaneous spike of similar 
shape occurs on the current of all of the Langmuir probes in the Xpoint 
tiles. Previous analysis using a poloidal array of coils has shown 
simultaneous changes in Ê at all locations, with a magnitude largest at the 
top and bottom of the plasma and weakest at the outer midplane. The field 
perturbation which would be produced by a current flowing in the scrapeoff 
layer, has been calculated using Langmuir probe data for a similar discharge 
(Figure 3), and is consistent with these measurements. 
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Reflectometry and Da measurements show well correlated but slightly 
slower changes. The coherent detector signal of the 18.6 GHz channel of 
the reflectometer, which corresponds to a critical density of A.3 χ IO18 
ra"

3 (r/a = 0.92), shows a phase change of ^ n. Taking the density 
gradient from FIR interferometer measurements, a local density change of ̂  
1.1 χ 1018 m~3 (25%) is calculated. The effect on a second channel with 
η = 1.9 χ IO19 m"3 (r /a = 0.83) is much smaller, indicating a perturbation 
localized outside this radius. More complete analysis of õne(r) should be 
possible when the full 12 channel system is operational /3/. During the 
same period, a 75% increase in D emission is seen along the chord viewing 
the Xpoint, indicating substantial recycling of particles at the divertor. 

On a discharge with a lower field of 1.7 T, the electron temperature 
at rc/a = 0.93 was measured using a heterodyne radiometer. Sharp dips of 
2030 eV are seen, correlated with the fluctuations on other diagnostics. 
At the end of the Lphase the edge Τ is A50 eV, 200 eV above the ohmic 
level. During the L  Η transition it increases by 100 eV in ̂  10 ms, 
apparently due to a sawtooth heat pulse. This jump does not occur on all 
discharges. 

Soft Xray measurements made on 2 MA Xpoint discharges in 1986 give 
further information on the topology of the perturbations. The outermost 
channels of the vertical poloidal array show an increase in ̂  80 ps, while 
the effect on inner channels is reversed and on a slower time scale of ̂  
800 με. This indicates a disruptivelike instability originating near the 
edge, with an inversion radius of r/a £ 0.9. The relative amplitude of the 
perturbation on different chords shows a strong localization to r/a £ 0.7 
(Figure 4). The inversion radius is no longer visible with this diagnostic 
due to the loss of its outer channels. 

3. EFFECT ON GLOBAL PARTICLE AND ENERGY CONTENT 

Near the start of NBI, the plasma density and^enerşy are rapidly 
increasing and there is often no abrupt change in Ν or W at the initial L » 
Η transition. The global effect of the edge spikes is more clearly seen 
during the short Lphases later in the discharge. For example, during the 
first such phase of Pulse 13806 (Figure 1) , the volume integrated particle 
content Ntot, obtained from the FIR interferometer, shows a mean net loss 
of 1.5 χ 1019 particles (0.4%) for each of 17 spikes. For comparison, this 
would correspond to a local decrease of 1018 m"3 extending over ^ 8 cm and 
is consistent with reflectometer and soft Xray measurements. Calculations 
based on the typical enhancement of Isat (x 85%) give 4 χ IO19 additional 
particles reaching the Xpoint tiles during a spike /4/. Da measurements 
show that in this Lphase an average of ¿ 5 χ 101β particles/spike are 
recycled from the divertor region. While these values have absolute 
uncertainties of ^ 50%, they indicate that a rapid outward convection of 
particles associated with edge spikes could cause the observed global loss. 

The plasma energy W, as measured by the diamagnetic loop, shows 
similar time behaviour to Nt t but has a smaller relative change during the 
Lphase. In the above case, there is a mean decrease of 7.6 kJ (0.2%) per 
Da spike, which could be accounted for by convective losses if the 
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particles ejected have a mean energy of ¿ 1.56 keV. This is only half the 
average plasma energy and is equal to the electron temperature at r/a = 
0.8, inside the inversion radius for the edge instability inferred from 
soft Xray data. The conclusion that increased losses during the Lphase 
are associated mainly with convection from the outer region is supported by 
specroscopic observations of Ni radiation, which continues to increase 
steadily in the centre while decreasing near the edge /5/. 

While the initial transition from L to Ηmode is necessary to attain 
improved confinement, the subsequent appearance of short Lphases may have 
operational advantages. Since the fluctuations appear to eject relatively 
cool particles, high plasma energies are achievable at lower densities than 
would be present in a continuous Ηmode. This may be a useful means of 
controlling plasma density and avoiding disruptions, which will be 
increasingly important at higher currents and heating powers. The regime 
at which Lphases reappear has not yet been fully explored. They tend to 
occur earlier, and be of shorter duration, in discharges with a small 
separation from the outer limiter. 

A. DISCUSSION AND CONCLUSIONS 

Experimental data on JET indicate that fluctuations localized in the 
outer region of the plasma (r/a *\. 0.9) are important to the physics of the 
L * H transition and to corresponding changes in Nt t and W. The gradual 
decrease in their frequency and the fact that parameters between spikes 
(eg. D , Isat) are very close to those in the Ηmode suggest that the 
plasma passes through a region of marginal stability before reaching a 
quiescent Ηmode. Understanding the nature of the instability should help 
to assess the conditions necessary for the improved confinement. 

Recent measurements and analysis of pressure and shear profiles in the 
outer region of the JET plasma /6,7/, show that conditions are stable to 
ballooning modes during the Lphase. They only marginally approach the 
second stability region at the LH transition, although the measured Τ of 
450 eV should be sufficiently high to attain this /8/. There is also 
evidence of currents flowing in the scrape off layer during the disruptive 
spikes /9/, though it is not clear whether they are a cause or effect of 
magnetic perturbations.. Parameters in the divertor region are being 
assessed to see whether they support the presence of a thermal barrier. 
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THE ROLE OF THE SCRAPEOFF LAYER IN XPOINT DISCHARGES IN JET 
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INTRODUCTION 
The plasma parameters in the Xpoint divertor in JET have been 

measured using an array of Langmuir probes in the divertor target tiles and 
supported by measurements of D radiation (2D with CCD camera viewing the 
target tiles; ID using a poloidal array of telescopes) and bolometry. The 
Langmuir probe measurements show that the saturated flux of ions, Ig^T· 
parallel to the magnetic field is about 10 A cm"2 at the divertor 
separatrix in ohmic discharges. In Lmode with NBI it increases by a 
factor < 2, depending on power level (P^gj < 7.5 MW) and then decreases 
when Ηmode is established. The scrapeoff thickness, λ^^τ,, is the same 
in ohmic and Lmode but decreases when Ηmode is established. The 
corresponding values of electron temperature at the divertor target are 
Τ t ^ 30 eV (OH) and ^ 5060 eV (Hmode). Lmode temperatures are not 
reported here because of rapid fluctuations in parameters. During ICRH the 
values of Ig^T increase by a factor £ 5 and T e also appears to increase. 

There are 40 poloidal bands of graphite tiles in JET (1987/8), shaped 
to collect the diverted plasma. The plasma impinges on two separate 
patches on each poloidal band (figure la). Eight Langmuir probes are 
flushmounted in the target tiles, being designed to receive the inner 

CCD 
, 1987/8 I 

L
 l —™, ·. 

Inner 
target 

Fig. 1 Geometry of the Xpoint divertor in JET. (a) Shows two bands of graphite 
target tiles with scrapeoff layer impinging on Langmuir probes Pl4 and P58. 
(b) Shows the tiles and probes and the view of the CCD camera. (c) Is a poloidal 
section through the tiles with Xpoint positions, estimated from our data, XI 
Ut 10722), X2 Ut 14083), X3 Ut 1482034) and X4 Ut 14883). (R. 

top 2.630 m) 
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(high field side) and outer (low field side) diverted scrapeoff layers. 
Fig. 1(b), (c) shows more detail of the experimental arrangement, including 
the view of the CCD camera, which actually covers 3 bands of tiles, whereas 
the DQ telescope array views a sector midway between two bands of tiles. 
The position of the Xpoint and hence of the inner and outer séparatrices 
in the divertor may be varied: examples for several discharges are shown in 
Fig. 1(c). The Langmuir probes and D telescope are in Octant 8 and the 
CCD camera is in Octant 6, viewing tiles in Octant 5 and Octant joint 5/6. 
EXPERIMENTAL RESULTS 

Figure 2 shows the variation of parameters in a typical beamheated 
discharge. The flux of ions towards the target measured by one of the 
probes, I S A T, varies in a very similar way to the Da (CCD) intensity at the 
same location on the tiles, but there are some differences between these 
signals and the intensity of Da measured between the'tiles, D (POL). 
During the ohmic phase of the discharge (t <. 12 s) , Da and I S A T are fairly 
constant but with small inverse sawteeth. With NBI they increase and 
fluctuate rapidly. The fluctuations (ELMs) [1] are best shown by the I S A T 
trace because its sampling rate was faster for 12.1 s < t < 13.1 s. The 
fluctuation rate decreases in the late L mode and at 12.5 s the H mode is 
established with much more quiescent signals, again with inverse sawteeth, 
more prominent than before. There is an H  L transition at 14 s and a 
series of LHL transitions thereafter. Each group of ELMs, especially the 
first group, shows maximum and minimum values of Isat which are typical of 
L and H modes respectively. The power radiated from the Xpoint region 
(not shown) varies in a similar way to I S A T and D , increasing from ̂ 0.9 
MW (OH) to t 1.2 MW (L), then decreasing to 0.8 MW (HI) and rising slowly 
during the Ηphase to % 1.2 MW (H2) with bursts of up to 1.8 MW in later L 
phases. The total electron content, N, is also shown in figure 2 and in
creases rapidly during L and H mode, decreasing at each subsequent L phase. 
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Poloidal profiles of DQ and ICAŢ> taken at the times indicated in 
figure 2, are shown in figure 3. The profiles are measured in terms of the 
poloidal distance, s, from the target tiles at the top of the torus, RtOD = 
2.630 m (figure 1 b,c). As is evident from figure 1 (c) , only the Xpomt 
(X2) and outer scrapeoff layer are visible for this discharge (// 14083). 
Probes 14 are not facing the plasma directly but are shadowed by the apex 
of the tile and corrected as described elsewhere [2]. The profiles of both 
Da and Ig^T agree in showing a well defined maximum at the outer separatrix 
which appears to move to smaller radius during the Ηphase. The profiles 
of Ig^T are flatter than for DQ, but both show no change between ohmic and 
L mode. Outside the separatrix the profiles are exponential with AjeAŢ = 
133 mm (OH), 122 mm (L). Profiles in Ηmode are steeper with AŢCAŢ = 102 
mm (HI), 92 mm (H2). The values of AŢOAŢ quoted here are measured in the 
sdirection and will be modified later to equivalent midplane values. The 
similarity between scrapeoff thickness in OH and L phases suggests, that, 
as with limiter discharges, there is no change in D ι with NBI. The 
decrease in Ajĝ j. by ^ 25% in Η mode suggests a strong decrease in D ι to 
D ι (Η) 'ν» 60% D ι (L; and even larger decreases have been observed. 

The Ηmode was studied in detail in a series of 3 MA, 2.1 Τ discharges 
with 7.5 MW NBI (# 1482034). Figure 4 shows the average values during 
the Ηphase of Te, Ig^T anc^ ̂ a' ^

e Pr°file °f ̂ a on the electron drift 
side shows a maximum at s = 8 cm and that for Ig^Ţ shows a maximum at s = 
6 cm. Taking the outer separatrix at s = 7 ± 1 cm the data suggest that 
the maximum in Te is not on the separatrix but further out into the 
scrapeoff layer. The reduction in Te at the separatrix is believed to be 
related to local recycling and finite thermal conductivity. The D profile 
on the ion drift side of the target tile shows the location of the inner 
separatrix. Extrapolating the Ig^T an<^ ̂ e Pr°files to the inner separatrix 
suggests that Ig^T ^s lar

ê
er an

^ Te smaller than at the outer separatrix 
and this is supported by other data (eg. # 14338 ohmic phase). The 
different Τ values at opposite ends of the same flux tube in the 
scrapeoff layer lead to differing sheath potentials, causing electric 
current to flow around the scrapeoff layer [3]. Currents of up to 10 A 
cm"

2 have been measured, especially during the ELM phase [1]. 
The measured parameters from figure 4 have been used to calculate the 

density in the divertor (n¿ = 2 Ig^T c
s
//
'
e
^
 ant

^
 t
^
le heat flux parallel to 

the field at the target (Ρμ t = 8 Ig^T Te) and these are shown in figure 
5(a) which also shows values of parameters at the midplane (η, Τ ) 
derived using Spitzer conductivity and the sheath convection as described 
in [4], The power flux to the target in these 7.5 MW discharges can be 
compared to that in a 9 MW discharge, # 10755 in 1986 [5] in which p° u t e r 

was determined by infrared thermography to be 10 MW m~2 onto the target 
tiles . The maximum Ηmode value of Ρ μ t for this discharge was 60 MW m~2, 
agreeing well with the 57 MW m"2 deduced here with Langmuir probes, even 
allowing for the difference in power. The profile of Τ is monotonie 
despite the dip in the separatrix values of Τ in the divertor. Both Τ 
and n^ are consistent with LIDAR and ECE profiles [1]. ' 

Figure 5(b) shows profiles of mean free paths in the outer divertor. 
The Coulomb mean free path (1 m < Ãee ¿ < 8 m) is always smaller than the 
connectionlength, hence allowing a temperature difference to develop 
between midplane and divertor as is shown in figure 4 and 5a. The mean 
free path for deuterium atoms, Λρ ' is also shown. This has been 
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evaluated using λ^ ' = ν1, /[η^<σν>] with <σν> = <crv>(Te) and with ν1· ' 
taken at 1 eV or at Τ . The mean free path for D atoms with energy i 1 eV 
is always smaller than λ^ in the divertor (= 110 mm, see figure 5a) and so 
slow D atoms (and D 2 molecules) are almost always ionised in the divertor 
in their first transit of the scrapeoff layer. Faster charge exchange 
atoms have λ > .λ_ except at the outer separatrix. This may be critical 
and will be studied in more detail. 
CONCLUSIONS 

The plasma parameters measured in the divertor suggest that Di(H) <, 
0.6 Di(L). The power flow deduced agrees with that from 1986 discharges. 
The power and particle flow will be discussed in [2]. All atoms and 
molecules recycling from the divertor near the separatrix may be ionised 
locally but further out in the divertor scrapeoff layer (larger s) the 
fast recycling atoms will escape from the divertor. 
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STUDY OF PHOTONEUTRON PRODUCTION ACCOMPANYING 
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Abstract 

The observed photoneutron yields due to major plasma disruptions in 
JET fall in the range from 1010 to 1015 neutrons, with instantaneous 
intensities reaching 5.1017 neutrons/sec. The runaway electron energies 
can exceed 60 MeV and the currents of high energy electrons can reach 1 MA. 
On average, the fraction of the available poloidal magnetic field energy 
that is transferred to high energy runaway electrons is f = 3 χ IO"2 I¿'6

, 
with plasma current I in MA. 

1. INTRODUCTION 

Major plasma disruptions in JET are frequently accompanied by the 
acceleration of a strong current of highenergy runaway electrons, which 
produce photoneutrons when they eventually strike the vacuum vessel wall 
protection tiles or one of the plasma limiters. Measurement of the 
photoneutron yield constitutes a simple and noninvasive method of 
estimating the amount of energy carried by the runaway electrons. 

The detailed theory of electron runaway in tokamaks has been given by 
Knoepfel and Spong [1], who concentrate on the birth process under 
nondisruptive conditions of relatively low loop voltage. Our present 
interest is with strong disruptions for which the magnitude of the measured 
loop voltage may exceed 500 V for periods of 5 ms or more. This implies 
that the maximum energy to which the runaway electrons may be accelerated 
easily exceeds 60 MeV. As we have no means of measuring the energy 
distribution of the runaway electrons, we assume an average energy of 60 
MeV. Those electrons which produce photoneutrons must have energies well 
in excess of 7 MeV, the photoneutron reaction threshold for the elements 
contained in inconel (the material from which the vacuum vessel is 
constructed). Also, studies of induced activation in the vessel reveals 
the existence of radionuclides, such as 7Be in the 12C limiters, for which 
the reaction thresholds were over 26 MeV. As we have seen, energies 
calculated from the measured loop voltages are very much higher. 

2. OBSERVATIONS 

The timeresolved neutron emission was measured with three pairs of 
235

U and 238U fission chambers disposed around the tokamak. The source of 
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photoneutrons could well be highly localized, eg. a limiter. For such a 
source, the response from a single fission chamber could vary by a factor 
of 20, depending on the relative positions of source and chamber. In 
practice, the chambers usually give similar responses (to within a factor 
of 2) and only rarely show a factor of 10 variation from chamber to 
chamber. A single strike is therefore unusual. In any case, averaging the 
results of all three sets of chambers reduces the positional dependence to 
a factor of 1.5. The calibration to be associated with the chambers is 
that measured for a deuterium plasma discharge [2] and is known to ± 10% 
accuracy. The fission chambers are operated in both pulsecounting and 
current sampling modes and operate over an intensity range from 10e to 1022 

neutrons/sec. 

A typical example of the strong neutron emission which arises when a 
high plasma current discharge is terminated by a sudden disruption is shown 
in figure 1. The plot shows how the plasma current falls from  2.5 MA to 
 0.2 MA in a time interval of only 40 ms. There is a distinct hesitation 
midway down the plasma current collapse. The plot also shows the strength 
of the neutron production on a logarithmic scale covering six decades. The 
duration of the neutron pulse coincides with the hesitation in the plasma 
current decay. The obvious implication is that a runaway electron current 
of 1.5 MA has been generated. This hesitation in current decay is less 
pronounced for disruptions producing fewer neutrons, and imperceptible for 
those with weak emissions. 

Pulse 6588 

Figure 1; 

Illustrating the 
relationship 
between the rapid 
decay of the 
plasma current 
during a 
disruption and the 
strength of the 
photoneutron 
emission. The 
total neutron 
emission is 5 χ 
10

1
» neutrons. 

'Plasma current 
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 1 
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A total of 201 disruptions have been studied, covering the period 
between the startup of the tokamak and December 1986. These disruptions 
included all those producing at least 1011 photoneutrons; during this 
period there were nearly 10,000 discharges. 

The variation in photoneutron yield for a particular set of plasma 
conditions is very considerable and it is difficult to discern how the 
photoneutron yield is to be predicted. The clearest correlation is 
obtained by plotting the average yield against plasma current at the 
instant of disruption, as shown in figure 2. 

The yield is found to be fitted reasonably well with the variation Ν = 
7 χ 1012 I2

*
6 observed neutrons/disruption (I in MA). The photoneutrons 

are mostly produced several centimeters deep in the structure surrounding 
the plasma; it is estimated that only 1/3 of these enter the plasma region 
and so become available for detection. The true yield of produced neutrons 

10
1 

Figure 2: 

A histogram showing the 
average number of 
photoneutrons produced 
per disruption as a 
function of plasma 
current at the instant 
of the disruption. For 
each plasma current 
interval (0.5 MA), the 
number of disruptions in 
the class is indicated. 
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per disruption is therefore Ν = 2 χ IO13 I2'6 (I in MA). The yield per 
runaway electron can be calculated [3]; for example, for electrons of 
energy E0 (MeV) and a carbon tiled torus with inconel surrounding 
structures, this calculated yield is 

Y = A.8 χ 10"5 E0 neutrons/electron 

Thus, the number of electrons per disruption is 

N/Y = A.2 χ 101
' I**« Eg"1 electrons/disruption . 

These are relativistic electrons, making 1.6 χ IO7 revolutions of the 
torus per second. They give rise to a current of 1.1 χ ΙΟ3 Ι2"6 E;,"1 
kamps. Clearly, runaway electron currents of up to 1 MA are possible. 

The total kinetic energy carried by these electrons is 
NE0/Y = 0.07 I2

*
8 (MJ). This is very high, 5 MJ for 5 MA disruptions. 

The total energy available for accelerating electrons is that associated 
with the poloidal magnetic field 

WM = M L I2 = 2.A I2 (MJ) with L = A.8 μΗ 

On average, the fraction converted to runaway electrons is 
f = 2.9 χ ΙΟ"2 I0

'
6
. This fraction is relatively insensitive to the energy 

assumed for the runaway electrons, provided it is higher than 25 MeV. This 
estimate should not be relied upon to better than a factor of 3. 

3. CONCLUSIONS 

The essential conclusions from this study are 

(i) Runaway electron energies are high (over 60 MeV) due to the 
measured loop voltage in a disruption exceeding 500 V for periods of 5 
or more. ms 

(ii) The neutron emission scales with plasma current as I2
*
6
, so that 

a fraction 3 χ IO"2 I06 (I in MA) of the poloidal magnetic energy is 
converted to runaway electron production. (It should be noted that the 
neutron yield from individual disruptions fluctuate considerably about the 
average yield for a particular plasma current). 

(ii) The energy carried by the runway electrons is considerable (5 MJ 
for a 5 MA plasma). This energy is normally dissipated at a small number 
of locations around the vacuum vessel. 
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INTRODUCTION 
The reflectometry work on JET has two components. One is the 

development of a multichannel instrument to probe the plasma along a major 
radius with radiation propagating in the ordinary (o) mode (E II B) [1]. 
This system is currently being installed and commissioned and preliminary 
results have been obtained with four of the probing channels. In addition, 
exploratory experimental work with radiation propagating in the extra 
ordinary (e) mode (E 1 B) is in progress. We report on both aspects of the 
work in this paper. 

THE MULTICHANNEL 0-MODE REFLECTOMETER 
The o-mode instrument, shown in Fig. 1, has 12 discrete frequencies 

distributed over the 18-80 GHz band, enabling electron densities in the 
range 0.4-8 χ IO19 m"3 to be probed. This instrument employs specially 
developed combiner and separator systems [2], antennas [3] and sensitive 
phased locked heterodyne detection systems [4]. The antennas are mounted 
within a port on the JET vacuum vessel and a special, oversized waveguide 
run, employing reduced height Ε-plane bends, transmits the radiation from 
the sources and returns the signals to the detectors sited outside the 
biological shield in the diagnostic hall. 

The instrument has two modes of operation: narrow band swept and fixed 
frequency. When the frequency of each source is swept, at rates up to 5 
kHz, the radial positions of the different critical density layers, ie. the 
density profile, can be determined. When the frequencies are held 
constant, the magnitude and direction of movement of the critical density 
layers can be determined with a spatial resolution of a few mm. This mode 
of operation should be well suited to studies of fluctuations and density 
changes. The two modes of operation can be interleaved during a plasma 
pulse. 

Signals from three different detection systems are available from each 
channel [4]: a period detector which measures the difference in group delay 
between the arms of the reflectometer, a fringe counter which measures 
phase changes and a coherent detector which includes amplitude variations 
as well as phase changes, this being equivalent to homodyne detección. 

The instrument is currently in the final stages of installation and 
commissioning but preliminary results have been obtained using the 18, 24, 
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34 and 39 GHz channels. Fig. 2 shows four coherent detector signals 
(bandwidth 0-250 Hz) from the reflectometer together with the line 
integrated density from a transmission interferometer operating at 2 mm 
wavelength. The effects of plasma sawteeth on the signals are clearly 
visible. The positions of the critical density layers for the four 
frequencies have been obtained using density profiles from the FIR 
interferometer. The general delay observed between the 34 and 24 GHz 
channels can be used to deduce a particle diffusion coefficient [6,7] , the 
value of which is typically *\. 0.4 m's"1. On the time scale displayed no 
general delay can be resolved between the 24 and 18 GHz channels since the 
critical density layers are close together. The 39 GHz signal has a 
different appearance because its critical density lies inside the mixing 
radius for the sawtooth collapse. 

The effect which an 'H' mode plasma has on the coherent detector and 
fringe counter signals can be seen in Fig. 3, where the Η-alpha signal is 
also displayed. It will be noted that both the Η-alpha and coherent 
detector signals show a marked reduction in the level of fluctuations 
during the 'H' mode period. Close examination also shows that small, 
periodic spikes on the Η-alpha signal are correlated with sharp transitions 
in the reflectometer signals. Over the duration of the 'H' mode, both 
fringe counter traces show a total movement of about 20 mm. Results from 
the SXR diagnostic indicate that this movement is likely to be due to a 
general broadening of the density profile. 

These preliminary results show that the basic microwave operation of 
the system is satisfactory and give encouragement for full system 
operation. 

E-MODE REFLECTOMETRY 
Reflectometry using radiation propagating in the extraordinary mode 

reflecting at the upper cut-off layer Fuc, has advantages for some 
applications over reflectometry using the ordinary mode. The profiles of 
FUC(R) mean that the inner half of the density profile is often accessible. 
The wavelength of the probing radiation is smaller and the spatial 
resolution, a function of the wavelength, is improved. Further, 
simultaneous measurements in both polarisations can give information on the 
magnetic field. To exploit these possibilities, a provisional e-mode 
instrument has recently been constructed on JET. 

The reflectometer is set up in a Michelson configuration and can cover 
either the range 50-75 GHz or 75-110 GHz. The source is a remotely 
controllable Backward Wave Oscillator. The output frequency can be varied 
in discrete steps so that a number of different radial positions may be 
investigated during a single plasma pulse. 

The e-mode instrument has measured sawtooth density pulses (Fig. 4) 
which have also been measured simultaneously by the o-mode system. By 
comparing the timing of the pulse peaks on the two reflectometers, the 
total magnetic field at the reflecting radius of the e-mode wave can be 
determined. The accuracy of the derived value is limited chiefly by the 
uncertainty of ne(R). While the present uncertainty in the determination 
of B is large (±50%), it is anticipated that it can be significantly 
when density profiles from the multichannel o-mode instrument become 
available. 

Frequency spectra of the signals due to density fluctuations up to 40 
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kHz have also been obtained with the e-mode instrument, with critical radii 
varied from pulse to pulse. The system is being upgraded, as shown in Fig. 
5, to include a second, fixed-frequency source. Waves at the two 
frequencies will be separated using a dual band-pass filter. It will then 
be possible for the first time to correlate signals with closely spaced 
input frequencies (AF £ 1 GHz), in order to study the radial localization 
of the reflectometer measurements, as well as the radial correlation length 
of density fluctuations. 
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I n t r o d u c t i o n 
The e f f i c i ency of ICRH hea t ing and cu r r en t dr ive with Lower Hybrid 

waves i s inf luenced by the p r o p e r t i e s of the plasma boundary. In 
a d d i t i o n , ICRH hea t ing has a s t rong e f f e c t on the edge plasma: the plasma 
parameters d e n s i t y , temperature and p a r t i c l e f lux i n c r e a s e . A knowledge 
of a l l these e f f e c t s i s e s s e n t i a l in unders tanding the in f luence of the 
edge plasma on the behaviour of the confined main plasma during 
a d d i t i o n a l hea t ing ( impuri ty gene ra t ion and t r a n s p o r t , t r a n s i t i o n from 
Lregime t o Ηregime in discharges with magnetic s e p a r a t r i x , p a r t i c l e 
confinement during neu t r a l beam f u e l l e d d i s c h a r g e s , e t c ) . 

Since the summer of 1987, the o r i g i n a l arrangement of 8 d i s c r e t e 
l i m i t e r s in JET has been rep laced by b e l t l i m i t e r s ( to allow hea t ing 
powers up t o 50 MW). Two t o r o i d a l r i ngs of narrowly spaced carbon t i l e s 
were mounted c lose t o the outer wall of the vacuum v e s s e l , both r i n g s 
separa ted by = 1 m above and below the e q u a t o r i a l p lane . Although the 
plasma boundary showed genera l ly the same behaviour as for the d i s c r e t e 
l i m i t e r conf igu ra t ion [ l  3 ] , new f e a t u r e s were found with the new f u l l 
t o r o i d a l b e l t l i m i t e r conf igu ra t ion with a t o t a l input power up t o 22 MW. 

Experiment 
During the l a s t upgrading of JET a l a r g e number of d iagnos t i c s for 

the sc rapeo f f l a y e r (SOL) were i n s t a l l e d as shown in Fig 1. 
 20 f ixed Langmuir probes in the b e l t l i m i t e r t i l e s at 4 d i f f e r e n t 

t o r o i d a l and pol oi dal p o s i t i o n s . 
 2 f ixed Langmuir probes in each of the ICRH antennae s ide 

p r o t e c t i o n t i l e s i n oc t an t s 1D and 5D,■at d i f f e r e n t r a d i a l p o s i t i o n s . 
 An ar ray of 6 Langmuir probes (3 f ac ing the e l e c t r o n d r i f t d i r e c 

t ion and 3 the ion d r i f t d i r e c t i o n ) . These can be pos i t ioned at any 
r a d i a l p o s i t i o n from the wall through the i n t e r m e d i a t e top v e r t i c a l port 
in oc tan t 5D. 

 A f a s t t r a n s f e r system (FTS) con ta in ing a c o l l e c t o r probe 
( r o t a t a b l e during the pulse or between pu l se s ) and f ixed Langmuir probes , 
e n t e r i n g the to rus = HO cm above the e q u a t o r i a l plane in octan t 7D. 

Toroidal and Poloidal Symmetries and SOL Thickness 
Measurements with the 20 b e l t l i m i t e r probes biased a t 100V 
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Fig 1: Unfolded view of the to rus wall as seen from i n s i d e with 2 b e l t 
l i m i t e r s BL), 8 ICRH antennae (ID to 8B), 24 Langmuir probes 
(LP), r e c i p r o c a t i n g probe (RP) and c o l l e c t o r probes (CP) on FTS. 

revealed a l l p a r t i c l e f luxes to be i d e n t i c a l t o within ± 1 0 ? i n d i c a t i n g 
tha t the plasma i s to ro^da l ly symmetric t o be b e t t e r than 2 mm and con
sequent ly t h a t the power i s deposi ted uniformly on the 2 b e l t l i m i t e r 
r i n g s . This s i m p l i f i e s the i n v e s t i g a t i o n of the plasma p r o p e r t i e s in the 
ρ l o i d a l d i r e c t i o n which can be done at any convenient t o r o i d a l 
l o c a t i o n . 

The 2 b e t t l i m i t e r s define 2 d i f f e r e n t areas for the SOL: an i n s i d e 
or high f i e l d area (< 1 m above and below outer mid plane) and an outs ide 
or low f i e l d area (> ζ 1 m away from the outer mid p l a n e ) . Both areas 
which are analysed by the corresponding probes  a re separa ted by the 
plasma tangent l i n e s on the b e l t l i m i t e r s , ( l a s t closed f lux sur face 
LCFS) the exact l o c a t i o n of which i s unfo r tuna te ly not known in JET 
with a p r e c i s i o n b e t t e r than 1  2 cm from the magnetic f lux su r face 
c a l c u l a t i o n s . 

Fig 2 gives the p a r t i c l e f lux e  fo ld ing l eng th as a funct ion of 
t o t a l ICRH heat ing power for 3 d i f f e r e n t cases : a) and b) the 1986 
d i s c r e t e l i m i t e r conf igu ra t ion , b) a f t e r cond i t ion ing of the machine by 
heavy c a r b o n i s a t i o n , and c )  d ) the 198788 b e l t l i m i t e r conf igura t ion for 
the i n s ide a r e a . For a l l plasma c u r r e n t s , the f l a t t e n i n g of the p r o f i l e s 
due t o RF hea t ing i s always l e s s pronounced for the b e l t l i m i t e r 
discharges than for the d i s c r e t e l i m i t e r c o n f i g u r a t i o n . The boundary 
behaves d i f f e r e n t l y when the plasma i s heated by neu t r a l beams (NB) where 
the SOL th ickness does not change with t o t a l input power. Fig 3 shows 
almost cons tan t p a r t i c l e flux ( u ) and deposi ted power {\ ) e fo ld ing 
l e n g t h s for 5 MW NB heated discharges whereas λ τ and ' 'λ i nc r ea se by a 
f ac to r of 2 for the same RF power. 

The l a t t e r has been a t t r i b u t e d t o d i r e c t depos i t i on of RF power in 
the boundary causing an increase in the d i f fus ion in the edge (Dι) or an 
i o n i s a t i o n in the boundary l ayer [ 3 ] · However, machine cond i t ions and 
dens i ty behaviour (Figs 2 and 3) c l e a r l y show t h a t f l a t t e n i n g i s a s s o c i 
a t e d with these e f fec t s as well as d i f f e r e n t phasing of the ICRH 
antenna [ 4 j . 

The behavi ur of the SOL i n s ide and ou t s ide the b e l t l i m i t e r s i s 
presented in Fig 4, and was i n v e s t i g a t e d for discharges with ohmic 
hea t ing up t o j . 5 Mh and RF heated discharges up t o 10 MW. For a l l 
c a s e s , the SOL th ickness i s l e s s outs ide U n e = 6 mm, a f t e r c o r r e c t i o n by 
a f ac to r of two for f i e l d l i n e compression f a c t o r for 4 MA d i scharges ) 
than inside (\ 

ne 0 mm). During RF heating profiles flatten outside 
The ( \n t ì „ 13 t o 24 mm for 4 MA discharges ) but do not change i n s i d e . 
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edge parameters also increase during additional heating outside the belt 
l imi te r s (ne(o) = 0.8 χ 1018 to 1.3 χ 10 l c , Fig 4) remaining almost 
constant inside the belt l i m i t e r s . 

Par t i c le and Impurity Fluxes during Additional Heating 
The to ta l par t i c l e fluxes to the belt l imi ter from the outside and 

inside areas were determined from the appropriate probes in the belt 
l i m i t e r s . During ICRF on JET the main species neutral influxes always 
increase with a magnitude which i s proportional to the ICRH power, as i s 
shown in Fig 5 for the fluxes measured by a probe located 24 mm from the 
LCFS in the area between the belt l i m i t e r s . These fluxes are generally 
higher in Helium discharges than in Deuterium discharges for the same 
amount of to ta l input power. 

The impurity influxes also increase during RF heating in JET. The 
behaviour of Ni and C impurities in the SOL during high power combined 
heating discharges (ICRH and NBI) was investigated with the collector 
probe mounted in the fast t ransfer system. The probe was rotated from 
pulse to pulse yielding the radial dis t r ibut ion of the integrated 
deposition from each pulse. Ten consecutive high power discharges were 
recorded with up to 20 MW to ta l input power. Fig 6 shows the Ni deposi
tion increasing as a function of to ta l RF input power. The impurity 
production i s l ess when the power i s applied in stages and/or the RF 
antennae are powered in dipole configuration. This Ni deposition i s 
found to depend l inear ly with the to ta l integrated He flux measured with 
the Langmuir probes located at the same position of the collector probes, 
on the FTS. This correlat ion i s shown in Fig 7 and i s remarkably good 
for the data gathered with these two independent diagnostics [ 5 ] . 

Conclusions 
 For the belt l imiter configuration, the general behaviour of the 

plasma boundary upon application of different types of heating does not 
change s igni f icant ly compared with discre te l imi te r operation. 

 The generally observed f la t tening of SOL profi les during RF heated 
discharges i s dependent not only on RF power level but also on the 
density r i se during heating and machine configuration and wall 
conditioning. 

 I t i s found that SOL profiles outside the bel t l imi te rs are 
steeper than ins ide , when f ie ld l ine compression i s taken into account. 
This i s surprising in view of the shorter connection lengths between 
b e l t s . 

 A very good correlat ion has been obtained for helium fluxes and 
impurity fluxes measured by collector probes and Langmuir probes. Ni 
fluxs increases with additional input power, and i s l ess during RF heated 
discharges with the antennae in dipole phasing than in monopole phasing. 
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Introduction — During experiments with high power additional heating in JET, it is 
found that the sawteeth may be spontaneously stabilized for periods of up to 3 s1!2. This 
offers an opportunity to study the behaviour of tokamak plasmas in the absence of 
mixing due to sawtooth collapses, which normally confuses transport and confinement 
analysis. In addition, recent measurements of the current density profile in JET have 
shown that during these periods the central safety factor q0 reaches values of  0.8, a 
result which raises fundamental questions about the nature and cause of the sawtooth 
instability in tokamaks. We propose that the stabilization may be due to the presence of 
a non—thermal ion energy distribution in the plasma. 

Observations — Spontaneous stabilization of sawteeth has been observed over a wide 
range of conditions in JET (Table 1), the principal constraint being the requirement for 
a minimum level of auxiliary heating power ( P a u x > 3 MW). This power threshold 
depends, however, on many ^ ^ « ^ ^ ^ — ^ ^ ^ ^ ^  ^ ^ ^ 
parameters, among them: 
majority and minority gases, RF 
antenna configuration, density, 
heating profile and radiated 
power fraction. Nevertheless, 
certain heating schemes produce 
stabilization with high reliability 
for input powers above the 
threshold (eg ICRH monopole 
heating on—axis in D (He3) with 
Ip< 3.5 MA). 

Evolution of the principal 
discharge parameters for one of 
the longest sawtooth—free periods 
obtained is shown in figure 1. As 
indicated in the figure, the 
plasma current was ramped 

Table 1 : Conditions for sawtooth stabilization 

Combined heating (ICRH + NBI): 
0 ICRH on—axis, NBI co—injection 

L = 2  5 M A ( q . ^ 6  3 . 4 ) . 
Paux> 7 · 5 M W (< n e> < 4xl019 m"3). 

ICRF heating alone: 
ICRH on—axis. 
L = 1 . 5  4 M A (q<A=4.69 
P a u x > 3 MW (<n e> < 3xl0i9 nr 3 

H, He3 minorities, mono/cupole antenna 

NBI heating alone (2 cases in SNXpoint): 
0 Ip= 2 MA, P a Ux= 7 M W > < n e > = 2 x l ° 1 9 m"3· 
0 Ip= 3 MA, P a U x= 7 M W . < n e > = 3.5x1019 nr3 . 
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during this period, since there is evidence 
that this may prolong the stable period. The 
central electron temperature is usually found 
to saturate on a rimescale of the order of the 
energy confinement time. However, the 
density, ion temperature and stored plasma 
energy can continue to rise throughout the 
stable period, depending on the heating 
scheme employed. 
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Transport and Confinement — It has 
previously been reported that electron 
thermal transport in this regime is well 
represented by a model in which profile3 or 
temperature gradient4 constraints are 
invoked. Recent analysis5 of energy 
confinement during stable periods has 
confirmed that electron energy confinement 
is L—mode like (with the exception of stable 
periods achieved in H—modes), but that total 
energy confinement is 15—20% higher than in Fig 1 : Evolution of Te(0), T{(0) and the 
equivalent sawtoothing discharges, in part as diamagnetic energy content W¿ia during 
a result of the central accumulation of fast one of the longest sawtoothfree periods: 
ions which are normally depleted at /„= S MA, q1i)= 45, <ne> = 2.5 10i9 m~3 

sawtooth collapses. This suggests that 
sawtooth stabilization may be important in the confinement of a—particles in the 
near—ignition regime. 

The absence of sawteeth also permits the determination of particle transport coefficients 
within the q=l surface from the analysis of density profile evolution. It is found that the 
diffusion coefficient at r/a  0.35 is 0.75 m2s_1, which is of the same order as that outside 
the q=l surface in equivalent sawtoothing discharges. These results indicate that the 
principal advantage deriving from the stabilization of sawteeth will not be due to 
improved confinement inside the q=l surface, but rather to increased fusion reactivity, 
due to the peaked profiles obtained, which may be further enhanced if non—thermal 
fusion scenarios are exploited. 

Analysis — As reported previously1»2, the sawtooth collapse terminating these periods 
follows the usual JET behaviour, which led originally to the conjecture that the 
stabilization occurred due to non—inductively driven or pressure driven current. 
However, recent analysis of the current profile evolution in this regime6 has shown that 
the central safety factor q0 attains a value well below unity before the final sawtooth 
collapse. Figure 2 shows the evolution of q0 during a sawtoothfree period as determined 
by FIR Faraday rotation measurements (polarimetry), calculation of resistive diffusion 
(TRANSP7) — which at present excludes bootstrap current — and magnetic equilibrium 
analysis (IDENTC). The three measurements agree within systematic errors (± 20%), 
and show a monotonie decrease of q(0) during the stable period to values  0.70.9. 
Since the sawtooth instability in JET strongly resembles an ideal mhd mode8, this 
represents a considerable theoretical problem. ...,oP 
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Discharges in which sawtooth—free periods 
occur are characterized by a population of 
energetic ions, principally RF—accelerated 
minority ions, with energies in the range of 
several hundred keV. The non—thermal /3p 
may be significant therefore,  0.1, and it is 
thought that these ions may play a 
significant role in the stabilization 
mechanism. Figure 3 illustrates an 
experiment designed to investigate the role 
of additional heating. By lengthening the 
RF pulse it was possible to extend the 
stable period, up to a maximum of 3 s. 
When the ICRH was switched off during 
the stable period, the delay until a 
sawtooth collapse was a small fraction 
( 2%) of the central resistive skin—time, 
but was of the order of the central fast ion 
slowing—down time9, rFq, where, 

f\ 0.06 T P ^2
F S

' (keV)' m 
rFS (») = n e (lQiá m3) > W 

which was  0.5 s for these conditions. 
Although the energy confinement time was 
also of this order, the decrease in /?p 

8 
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4 

#12237 
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 I 
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Fig 2 : Evolution of q0 during a long 
sawtoothfree period, as determined by 
three independent techniques (see text): 
Ip= 2 ΜΑ, q^= 5.8, <ne> = 2.2 lffl* m'3 

accompanying the switchoff was predicted 
to be stabilizing. This suggests, therefore, 
that the loss of fast ions was the dominant 
destabilizing effect. 
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Theory — The influence of an energetic ion 
(MW) distribution on the stability of the resistive 

and ideal m=l modes has been investigated 
using the experimental observations that 
q0 < 1 and Æ, > 0.3 during sawtooth—free 
periods. It is Tound that trapped hot ions 
introduce a new threshold for the m=l 
instability10. Stabilization arises from the 
fact that the magnetic drift motion of the 
hot ions exceeds the phase velocity of the 
m=l mode, with the result that additional 
energy is required to perturb this population. 

Fig S : Delay between switchoff of the RF 
power and end of a sawtoothfree period: Under these conditions 
Ip= 2.5 MA, qjj= 5, <ne> =2.0 1019 m"3 relation for the mode is 

3/2 r[(Q —1)/4 [-ω(ω  Jţ)]rt = uA[A„ + λκ(ω)]ι/2 SJ 
Q + 5)/4 

the dispersion 

(2) 
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where + + Q2 = ¿ω(ω ω*){ω ω*β)/βηωΙ , (3) 
with ω6 and ω{ the electron and ion diamagnetic frequencies , ê  = r/c /(47rr0wA) the 
inverse magnetic Reynold's number, 77 the resistivity, ωΑ = svA/v

/3R0 with vA the 
Alfvén velocity, s = r0q' (r0) and q(r0) = 1. The parameter λΗ (see ref u) is 
proportional to the mhd energy functional SW (λΗ > 0 for ideal mhd instability). 
Finally, the parameter λκ(ω), which represents the hot ion effects, is defined by 

where ξ0 is the radial displacement , eil = B/B, k is the curvature vector and Ρχ/^ω) is 
the perturbed transverse hot ion pressure. When the bounce averaged magnetic drift 
frequency UM /¿ of the hot ions is larger than the mode frequency ω, but 
(1 — q0) < u)ju\ h , λκ can be approximated as 

λκ(ω) = (7Γ/3§2) (r0/R0) ß^h ω/α* A , (5) 
where, 

ßp,h = [8T/B¿(r0)] Jo
r°dr (r/r0)3/2 £ [ ( Γ / Γ 0 ) Ι Λ ρχΛ] . (6) 

Resistive internal modes are unstable with a growth rate 7/ωΑ  e ^ 3 in the limit where 
1 ^H + ^KI < e^^3 (and ω\  ω6 , u)i/uik < e ^ 3 ) . However, if βρ^ is sufficiently large, 
the relevant regime satisfies | λυ + λκ| > t^1. Κ (λ^ + Re AKJ'< 0, the m=l tearing 
mode should be stable because of a combination of toroidal and high temperature effects. 
In the remaining case, (λΗ + Re λκ1> 0, the dispersion relation reduces to 

* ω(ωωί)= ω\ [λΗ + λκ(ω)]2 . (7) 
If also ω{ and λκ » 0, the ideal mhd dispersion relation is recovered. Using the 
approximate expression (5), it is found that the ideal internal kink mode is stabilized by 
the hot ions when 

ßp,h > a ta/Ro) 0p ui>,h/uï . (8) 
where α is a numerical factor, of order unity, primarily determined by the q—profile. For 
reasonable estimates of the hot ion distribution, this condition is consistent with 
experimental values of the relevant parameters. This result also reflects the fact that it 
is difficult to produce sawtooth stabilization when the RF deposition profile is centred 
significantly offaxis, since this would produce insufficient peaking in the profile of ρχΑ 
within the region where q < 1 to yield a positive /?p /j. More detailed information on the 
energy and phase space distribution of the hot ion's is required, however, to enable a 
more detailed comparison with the experimental results to be undertaken. 
We wish to acknowledge R Goldston and D McCune of PPPL for the use of TRANSP, 
and C Best for supervising its installation at JET. 
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EFFECT OF SAWTEETH AND SAFETY FACTOR, q ON CONFINEMENT DURING 
ICRF HEATING OF JET 

V Ρ B h a t n a g a r , D C a m p b e l l , J Ρ C h r i s t i a n s e n , J G Cordey , J J a c q u i n o t , 
D F H S t a r t , Ρ Thomas, Κ Thomsen 

JET J o i n t U n d e r t a k i n g , Abingdon, O x f o r d s h i r e , 0X1 Η 3EA, England 

1. I n t r o d u c t i o n : The i o n  c y c l o t r o n resonance hea t ing (ICRH) 
experiments on JET have been c a r r i e d out in a v a r i e t y of c o n d i t i o n s : 
Limiter and Xpoint conf igu ra t i on with Η or He 3 minor i ty hea t ing schemes 
in D, He3 or Heuplasmas . Moreover, secondharmonic hea t ing experiments 
in Ηplasmas and combined ICRH and neutra l beam i n j e c t i o n heat ing 
experiments have a l s o been c a r r i e d o u t . RF power exceeding 16 MW for 
seve ra l seconds have been coupled t o a 33 MA JET plasma (f = 42 MHz) 
with 8 antennas opera t ing in the d ipo le conf igu ra t i on [ 1 J . The s t o r e d 
energy reached 6 MJ with T e o = 8 keV, T i o = 6 keV and n e Q = 6 χ 101 9 m~3. 
The r a d i a t e d power was l e s s than 42 % of t he t o t a l input power. A 
s i g n i f i c a n t f r a c t i o n of the energy i s c a r r i e d by the heated f a s t ions 
which a r e well confined i n JET. 

In t h i s paper , our e f f o r t s are d i r e c t e d t o confinement s c a l i n g s t u d i e s 
with plasma cur ren t I and s a f e t y f a c t o r q for the above mentioned 
h e a t i n g scena r io s and d i s c h a r g e s . With the product ion of "Monster" or 
u l t r a l o n g sawteeth (period g r e a t e r than t he energy confinement t ime) in 
JET, we a re a l so ab le t o as se s s the e f f e c t of sawteeth on confinement. 
The confinement data in JET f i t s well with an o f f  s e t l i n e a r law. 
There fo re , i n the fo l lowing , we presen t our r e s u l t s in terms of 
incremental confinement time ( τ ^ η ο ) and demonstrate t h a t T i n c improves 
with I a t lower c u r r e n t s ( 1  2 MA), s a t u r a t e s and subsequent ly degrades 
at higher c u r r e n t s ( 4  5 MA). These r e s u l t s are compared with a model 
which assumes tha t χ (where χ α 1 / τ . ; n c ; see below) depends on two 
competing mechanisms, t h a t i s , i t decreases with I but i nc rea se s as the 
s i z e of the q = 1 su r face i s inc reased at higher I_VB. or low q„ . 

ρ φ ^a 
2. R e s u l t s : For the r e s u l t s presented below, we inc lude the JET ICRH 

da t a obta ined in 1987 both for l i m i t e r and Xpoint d i s c h a r g e s . The 
plasma parameters under ICRF hea t ing are in the fol lowing ranges : 

0 < P R F (MW) < 16 ; 32 < f (MHz) < ¿13 ; 2 < B. (T) S 35 ; 
1 < I (MA) < 5 ; 0 . 7 < PQH (MW) < 4 .5 ; 2 ï η ' χ 1 0 ~ 1 9 ( m  3 ) < 5 
3 á T e (keV) S 10 ; 2 ¿ T i o (keV) ¿ 7.5 ; 0 . 2 ¿ P r a d / P T 0 T = ° · 8 

2 < Z e f f S 5 

A p lo t of s t o r e d energy (from diamagnetic loop measurements) WD vs 
(PŢ  WD) i s i l l u s t r a t e d in Fig .1 for d i f f e r e n t I as i nd i ca t ed where PT 
i s t he t o t a l input power and the dot r e f e r s t o the time d e r i v a t i v e . 
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Similar data t ha t e x i s t s for I = 1.5, 3, .3-5 and 4 MA i s not shown on 
the f i gu re for c l a r i t y . WD a l so i nc ludes the s i g n i f i c a n t perpendicu la r 
energy t ha t i s c a r r i e d by the f a s t ions c rea t ed during the minor i ty 
heat ing and i s est imated to be l e s s than 1 MJ. I t i s c l e a r l y seen t h a t 
tne Wrj follows an o f f - s e t l i n e a r law [ 2 , 3 ] . The τ : i s determined by 
the s lope of a l i n e which i s l e a s t square f i t t e d t o the data p o i n t s for 
the power scan at a given I . Since t h e r e i s l i t t l e d i f fe rence in the 
energy confinement for the various minor i ty spec i e s hea t ing scena r io s , ^} 
we do not i d e n t i f y them s p e c i f i c a l l y in the aa ta presented below. Except 
in some s p e c i f i c c a s e s , gene ra l l y monopole and d ipo le antennas give 
s imi l a r confinement r e s u l t s , we t h e r e f o r e do not s e p a r a t e the monopole 
and dipo le da t a . 

In order to reduce the s c a t t e r of the d a t a , we have subdivided l a r g e 
data s e t s at a given I i n to smal ler subse t s gene ra l ly regrouping them by 
a day or consecut ive days of o p e r a t i o n . We a l so exclude the data with 
Ρ . / P Ţ Q Ţ > 0.6 . The r a d i a t i o n can be s y s t e m a t i c a l l y taken i n t o account 
but has not yet been done for the data presented h e r e . The o f f - a x i s 
hea t ing data i s also excluded and the minori ty i o n - c y c l o t r o n l a y e r l i e s 
with in 20 cm of the magnetic a x i s . The data at a given I i s f u r t h e r 
i d e n t i f i e d with respec t to q, i e opera t ion at 2 d i f f e r e n t Bh with the 
higher B, p e r t a i n i n g t o He 3 -minori ty o p e r a t i o n . Ψ 

From F i g . 1 , we note t h a t T i n Q(D) i n c r e a s e s with I up t o 3 MA but i t 
i s cons iderably lower at 5 MA. The T i n c values both from WD and W 
( e l ec t ron k i n e t i c energy) obtained from such scans at these and other 
c u r r e n t s are p lo t t ed in Fig .2 as a func t ion of I . The W i s c a l c u l a t e d 
from n e o , T e o and i n t e g r a t i o n over the p r o f i l e s . I t i s seen t h a t T ; n c ( e ) 
i nc reases with I , s a t u r a t e s then d e c r e a s e s . The two low poin t s at 3 and 

4 MA correspond to l a rge I r / B . or low q ^ - v a l u e s . These poin t s merge 
well in to the crowd when the data i s p l o t t e d as a func t ion of ID /B or 
q , (see below). Similar remarks apply for t ; n c ( D ) a a t a . For the 
Tj n c (D) d a t a , we have fu r the r i d e n t i f i e d e x c l u s i v e l y non-monster scans 
which roughly follow the T:_ c (e ) behaviour except t ha t of a point at 
3.3 ΜΛ. This corresponds to an excep t iona l ly good s e r i e s in which d ipo le 
phasing was usea with p e l l e t i n j e c t i o n in some s h o t s . The other τ,· (D) 
data which f e a tu r e monster sawteeth show a marked improvement over the 
non monster data and i s r e l a t e d t o the added c o n t r i b u t i o n of 
perpendicular energy of the f a s t i o n s . Although occas ional monster 
sawteeth have been obtained at 4 and 5 MA, t h e r e are no scans under such 
cond i t ions to deduce T- at these c u r r e n t s . Note t h a t the present 
Χ ρ in t and l i m i t e r ICRH discharges give about the same τ <nc v a l u e s . 
Also, the 2 DCU data point compares well with the other d a t a . 

The t i n c data shown in Fig 2 i s now p l o t t e d in F i g . 3 as a func t ion 
of I B, where t h i s quant i ty i s i nve r se ly propor t iona l to q -, if the 
plasma cross .sectional area i s held constant ( the experimental data f i t s 
a r e l a t i o n qcv^ - 3-3 x ( I D B ) ° . 8 J . I t i s seen t h a t maximum i ; n c i s 
found when I B , - 1 or q , - 3 . 3 . 

We now compare the τ ^ n c deduced from c e r t a i n scans where we s o r t the 
data with and without monster sawtee th . The T^nc values thus obtained 
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a r e p l o t t e d in Fig .4 as a func t ion of I and the data po in t s are 
i d e n t i f i e d as shown. I t i s found t h a t on average , t h e r e i s about 15 % 
improvement in t i n c ( D ) with monster ever the nonmonster case whereas 
t h e r e i s no improvement in f i n c ( e ) on a s i m i l a r comparison. This r e l a t e s 
t o the f a c t t h a t f a s t ions in JET are well confined during a monster 
sawteeth and r e s u l t in improvement of s t o r e d energy whereas f requent 
sawteeth may e j e c t them p e r i o d i c a l l y l o s i n g t h e i r c o n t r i b u t i o n t o s to r ed 
energy. The monster sawteeth thus show t h e i r importance in r e a c t o r 
environment in prevent ing the e j e c t i o n of α  p a r t i c l e s due to f requent 
sawteeth c r a s h e s . 

3 . Modelling: We follow the l o c a l t r a n s p o r t model such as given in 
Ref 2 t o p r e d i c t the v a r i a t i o n of i i n c with I and I / B , . In Ref .2 , t i n c 
i s w r i t t e n as f inc = τ .η where η i s the hea t ing e f f e c t i v e n e s s and i t i s 
equal to un i ty for cen t ra l highly peaked power depos i t i on p r o f i l e s , τ 
i s defined as τ = 3 ab/4 χ where χ i s a s p a t i a l l y averaged heat 
d i f f u s i v i ty [ 2 ] . If χ = « i n s ide the mixing r a d i u s r and 
χ ( Γ ) = Χο/(ΐ "" OL ( r / a ) 2 ) ou t s ide r , we can wr i t e as fo l lows : 

τ = (3 a b / 8 X o ) . ( 1  r 2
m / a 2 ) . T l  ( a /2 ) (1 + r 2

m / a 2 ) ) . 
For s i m p l i c i t y , we take α = 1 and χ0 α I D ^ to ge t : 

T X ( S ) = T X o ( s ) . I p
e [MA] . (1  ( r m / a ) 2 ) 2 

where τ and β can be adjus ted t o f i t the da t a . The experimental data 
f i t s a r e l a t i o n rm Ξ 1 .35/q c γ 1  Since τ i s a func t ion of I and q̂  ^ > a 

s i n g l e curve cannot be f i t t e d t o the d a t a . I n s t e a d , a point by point 
comparison has to be made. For c l a r i t y , we show f i t t e d poin t s (diamonds) 
for T i n c ( e ) only in Figs .2 and 3 which should be compared with t r i a n g l e s 
and a r e found t o be in f a i r l y good agreement assuming β = 0.5 and Τ 0 = 
0.14 s . This f i t can be f u r t h e r improved by a d j u s t i n g the parameter a. 

4. Discussion and Conclusions: The behaviour of exper imenta l ly 
obta ined T i n c of c e n t r a l l y heated ICRF discharges as shown in Figs 2 and 
3 i s understood in terms of a l o c a l heat t r a n s p o r t model where χ0 α I n 
and t h a t χ i nc reases as the s i z e of the q = 1 sur face i s inc reased a t 
higher I r / B , or low q a . The ac tua l value of β could be f u r t h e r improved 
i f powerscans are made at constant n e . The e f f ec t of o f f  a x i s hea t ing 
p r o f i l e s on T ; n c has previously been discussed in [ 2 , 4 ] . The l o s s of 
f a s t p a r t i c l e s by sawteeth i s a s i g n i f i c a n t energy l o s s which i s avoided 
in a monster sawtooth discharge . 
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HIGH ELECTRON AND ION TEMPERATURES PRODUCED IN JET 
BY ICRH AND NEUTRAL BEAM HEATING 

D F H S t a r t , V Bha tnaga r , M B u r e s , D J C a m p b e l l , C C h a l l i s , G A C o t t r e l l , 
L G E r i k s s o n 1 , Τ H e l l s t e n , J J a c q u i n o t , T T C J o n e s , A L McCar thy 2 , 

D S t o r k , Ρ R Thomas, E Thompson and Κ Thomsen 

JET J o i n t U n d e r t a k i n g , Abingdon, O x f o r d s h i r e , 0X14 3EA, England 
Chalmers U n i v e r s i t y , G o t h e n b e r g , Sweden 
F l i n d e r s u n i v e r s i t y , Bedford Park , S o u t h A u s t r a l i a 

I n t r o d u c t i o n 

The i n s t a l l a t i o n of 8 ICRF a n t e n n a e on JET h a s e n a b l e d 16 MW of 
power t o be c o u p l e d i n bo th monopole and t o r o i d a l di p o l e c o n f i g u r a t i o n s . 
With o n - a x i s h y d r o g e n m i n o r i t y h e a t i n g such power l e v e l s have produced 
e l e c t r o n t e m p e r a t u r e s i n t h e v i c i n i t y of 10 k e V i n t h e c e n t r e of t h e 
d i s c h a r g e . The h i g h e s t t e m p e r a t u r e s o f t e n o c c u r d u r i n g s a w t o o t h - f r e e 
p e r i o d s , or ' M o n s t e r ' s a w t e e t h which can p e r s i s t f o r over 3 s e c and 
d u r i n g which t h e g l o b a l ene rgy c o n f i n e m e n t t i m e i s a b o u t 20 % g r e a t e r 
t h a n t h a t i n p lasmas d i s r u p t e d by s a w t e e t h 2 . Recent e x p e r i m e n t s have 
been aimed a t a c h i e v i n g bo th h i g h e l e c t r o n and i o n t e m p e r a t u r e s 
s i m u l t a n e o u s l y . I n t h i s paper we d e s c r i b e t h e r e s u l t s of two such s e r i e s 
of e x p e r i m e n t s . The f i r s t s t u d y used ICRF wi th 3He m i n o r i t y i o n s i n ''He 
and d e u t e r i u m p lasmas and i n v e s t i g a t e d t h e e f f e c t of m i n o r i t y 
c o n c e n t r a t i o n on bu lk i o n h e a t i n g . The s e c o n d s e r i e s combined hydrogen 
m i n o r i t y ICRH i n d e u t e r i u m plasmas w i t h up t o 6 MW D° n e u t r a l beam power 
i n j e c t e d a t an ene rgy of 40 keV/nuc l eon t o p r o v i d e a d d i t i o n a l i o n 
h e a t i n g . We a l s o r e p o r t measurements of t h e e l e c t r o n h e a t i n g r a t e s f o r 
t h e RF-only e x p e r i m e n t s o b t a i n e d from t h e i n i t i a l r a t e of i n c r e a s e of t h e 
e l e c t r o n t e m p e r a t u r e d u r i n g s a w t e e t h . These r e s u l t s i n d i c a t e an i n c r e a s e 
i n t h e p r o p o r t i o n of d i r e c t h e a t i n g as t h e m i n o r i t y d e n s i t y i s 
i n c r e a s e d . 

ICRF H e a t i n g with He3 M i n o r i t y I o n s 

The He3 m i n o r i t y ICRF e x p e r i m e n t s were c a r r i e d ou t u s i n g a plasma 
c u r r e n t I of 3.5 MA and an e l o n g a t i o n r a t i o of 1 . 5 . The t o r o i d a l f i e l d , 
Br,, was 3.4 Τ i n o r d e r t o make t h e r a t i o I_/Bp(MA/T) c l o s e t o u n i t y t o 
p r o v i d e optimum c o n f i n e m e n t 3 . The RF f r e q u e n c y was 34 MHz t o g i v e 
o n - a x i s h e a t i n g . Deute r ium and He1* p lasmas were u s e d , (bu t with no 
d i s c e r n i b l e d i f f e r e n c e i n r e s u l t s ) w i t h c e n t r a l e l e c t r o n d e n s i t i e s , 
n e ( o ) , i n t h e r a n g e 3-8 χ 1 0 · 5 < n e ( o ) < 4 . 8 χ IO 1 9 m - 3 . ICRF power 
l e v e l s of up t o 1 2 MW were coup led u s i n g b o t h monopole and t o r o i d a l 
di p o l e a n t e n n a e c o n f i g u r a t i o n s . The plasma Z e f f was t y p i c a l l y 4 . 5 
( v i s i b l e b r e m s s t r a h l ung) and t h e t o t a l r a d i a t e d power was about 50 % of 
t h e i n p u t power . An example of t h e t i m e e v o l u t i o n of t h e c e n t r a l 
e l e c t r o n and i o n t e m p e r a t u r e s Τ (o) and T^(ο) , d u r i n g h e a t i n g i s shown 
i n Fig 1 f o r a 3He c o n c e n t r a t i o n nj ţgj /ng (o) = °·11· T n e v a l u e s of T e ( o ) 
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and Τ;(o) were ob ta ined , r e s p e c t i v e l y , from ECE data and Doppler 
broadening measurements of Xrays from He l ike nickel i o n s . Note t h a t at 
3.4 Τ the ECE d i a g n o s t i c c a l i b r a t i o n gives a value of T e (o) which i s 
about 20 % higher than Thomson s c a t t e r i n g r e s u l t s . Neutral p a r t i c l e 
energy s p e c t r a confirmed the above T;(o) v a l u e s . As tne RF power i s 
ramped up the sawteeth amplitude and period i n c r e a s e u n t i l at 47.8 s e c , a 
'Monster ' sawtooth i s formed. During the Monster sawtooth , T„(o) r i s e s 
to 9.1 keV (ECE) and T ^ o ) = 7.8 keV. At t = 494 sec one of t he RF 
genera to r s t r i p p e d , causing a r educ t ion in the power which, in t u r n , 
p r e c i p i t a t e d the sawtooth crash 0.3 sec l a t e r . This delay i s r o u t i n e l y 
observed and has given r i s e t o s p e c u l a t i o n t h a t the f a s t minor i ty ions 
s t a b i l i s e the sawtee th . No f u r t h e r sawtooth s t a b i l i s a t i o n occurs beyona 
t 49.4 sec showing the ex i s t ence of an RF power t h r e sho ld between 7 MW 
and 9 MW for t h i s opera t ing s c e n a r i o . 

The values of T^(o) obtained with d i p o l e phasing a r e shown in Fig 2 
as a func t ion of the RF power, Pp¡p > divided by η (o) for a range of 3He 
c o n c e n t r a t i o n s . There i s c lea r tendency for the h ighes t values of T.¡(o) 
to be achieved with the h ighes t minor i ty c o n c e n t r a t i o n s as expected s ince 
the minor i ty ion t a i l energy wil l be l e a s t under t hese c o n d i t i o n s . 
Conversely, s t r o n g e r minori ty hea t ing of the e l e c t r o n s i s be expected at 
low 3He dens i ty and t h e r e i s a tendency in t h i s d i r e c t i o n in the values 
of Τ (o) shown in Fig 3 The e f f e c t i s l e s s pronounced than in the case 
of T j ( o ) , poss ib ly because of increased d i r e c t e l e c t r o n heat ing through 
mode conversion or t r a n s i t  t i m e magnetic pumping (TTMP) a t the higher He3 

d e n s i t i e s . The monopole antennae phasing gave s i m i l a r r e s u l t s . 

Elect ron Heating Rates 

An analysis '* of the r a t e of r i s e of Τ fol lowing each sawtooth crash 
both dur ing the RF ramp phase and fo l lowing the Monster sawtee th , (see 
Fig 1) has enabled e l e c t r o n hea t ing r a t e s to be o b t a i n e d . Resul ts a re 
shown in Fig 4 where the c e n t r a l power d e n s i t y , Ρ , flowing t o the 
e l e c t r o n s i s p l o t t e d aga ins t PRp for low and ' h i g h ' 3He d e n s i t i e s . In 
the low dens i ty c a s e , Pe shows the non l i nea r behaviour expected of 
minor i ty spec ies h e a t i n g . Note the h y s t e r e s i s e f f e c t , which could be due 
to the f i n i t e minori ty ion slowing down t ime, as PRp i s reduced from 
11 MW to 8 MW. At the higher 3He dens i ty the l i n e a r i nc r ea se of P e with 
PRp impl ies an i nc reas ing propor t ion of d i r e c t e l ec t ron heat ing through 
TTMP, Landau damping, or mode conversion of the f a s t magnetosonic wave. 
I t sh uld be s t r e s s e d however t ha t t h i s a n a l y s i s does not give 
unambiguously the RF heat ing of the e l e c t r o n s ince i t does not account 
for expuls ion of the minori ty ions fol lowing the sawtooth crash or 
changes in the radiated and ohmi c power. 

Combined (H)D ICRF and D° Neutral Beam I n j e c t i o n 

These experiments were c a r r i e d out in deuterium l i m i t e r discharges 
with I 3 MA, and Bj = 2.8 T. The RF frequency was 43 MHz so t h a t the 
~ WCH r e s o n a n c e i n t e r s e c t e d the magnetic a x i s . The c e n t r a l e l e c t r o n 
dens i ty was t y p i c a l l y  6 χ 1019 m~3. Power l e v e l s up t o 15 MW of ICRF 
(dipole phasing) and 6 MW of NBI (E^eam = 80 keV) were used to give a 
maximum energy content of 6 MJ and a DD r e a c t i o n r a t e of 3.5 χ 10 1 5 s  1 . 
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The r e s u l t s are shown in Fig 5 where the values T^(o) = 7.7 keV and 
Τ (o) = 10 keV were achieved at the highes t power l e v e l s . These 
t empera tures are s i m i l a r t o those achieved with the 3He minor i ty ICRF 
experiments but r equ i r ed approximately twice the value of Pfl/n ( o ) . The 
p r e c i s e exp lana t ion for t h i s awai t s fu r the r a n a l y s i s but i s probably due 
t o a combination of f a c t o r s such as the poorer confinement at the lower 
plasma c u r r e n t , the broader power depos i t ion of the beam hea t ing and 
i nc reased r a d i a t e d power. 

Summary 

Centra l e l ec t ron and ion t empera tures i n the v i c i n i t y of 8 keV have 
been achieved s imul taneously a t moderate d e n s i t i e s in JET both by He3 

minor i ty ICRH and combined ICRH and NBI with t o t a l powers up to 22 MW. 
The ICRF ion hea t ing appears to be optimum for 5 % < n H e

3 / n e < 1 0 *· 
Deta i led analyses of sawteeth i n d i c a t e an i n c r e a s e i n the r a t i o of d i r e c t 
t o minor i ty ion hea t ing of the e l e c t r o n s as the He3 dens i t y i n c r e a s e s . 
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THE SAWTOOTH IN JET 

R.D. Gill, D.J. Campbell, P.A. Duperrex, A.W. Edwards, W. Han, 
J. O'Rourke, F. Pegoraro, F. Porcelli, A. Taroni and F. Tibone 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK. 

INTRODUCTION Detailed experimental studies [lj of the sawtooth collapse in 
JEŢ have shown that it occurs very rapidly (- 100ys) and X-ray tomography 
[2J has shown a strong m=1 component, with a spatial dependence in 
agreement with the predictions of an ideal mhd instability model [3J. 
However, there are still many remaining problems in our understanding of 
the sawtooth oscillation and some of these will be discussed below. 
INSTABILITY GROWTH RATE The growth rate of the sawtooth instability has 
been determined by finding the radial centroid, r, of the X-ray emission 
function calculated by tomographic inversion of the data collected with the 
two orthogonally mounted JET X-ray cameras. This quantity is a sensitive 
measure of the displacement of the plasma central region and is independent 
of the relative phase of the m=1 instability present during the sawtooth 
crash. Fig.1 shows a rather slow movement of r before the sawtooth 
collapse and the onset of a sudden growth in r during the collapse. The 
time behaviour of r is in good agreement with the perturbed magnetic field 
measurements made at the plasma edge [H]. Although the growth rate 
corresponds to the growth rate of an ideal mhd mode, there is no 
satisfactory explanation of the sudden increase in the growth rate of the 
instability or of its trigger mechanism. 

The centroid is also a very sensitive monitor of plasma movements 
between sawtooth collapses and mhd activity and other effects are observed 
which are. too small to be seen by individual X-ray detectors. 
MONSTER SAWTOOTH During additional heating experiments it has been 
observed that there are long sawtooth free periods U3s), terminated by a 
large sawtooth called the "monster". Tomographic analysis of these (Fig.2) 
shows great similarities with normal sawteeth. The core of the initial 
symmetric state (1) is rapidly (in < 100 ys) displaced radially (2) until 
it reaches the inversion radius (shown as a dotted line in the Fig.2) where 
it spreads poloidally (3). The displaced core then collapses with a rapid 
loss of energy (4) followed by a gradual return to a symmetric but much 
flattened state (5). The topology of the monster collapse is identical 
with the normal sawtooth but the inversion radius is considerably larger 
(by up to 50?). The n=1 nature of the collapse is clearly shown by the 
X-ray measurements taken with a set of toroidally spaced detectors (Fig.3) 
and from ECE measurements. This is also confirmed by the magnetic 
measurements which show a dominant n=1 component with a small n=2 
component, similar to normal sawteeth. Although the early stages of the 
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collapse can probably be explained in terms of the growtn of an mhd 
instaoility the subsequent rapid loss of energy from the displaced core 
requires alternative explanations sucn as enhanced transport for both 
monster and normal sawteeth. 
PARTIAL SAWTEETH Partial sawteeth with a very small collapse amplitude are 
frequently observed, nearly always accompanied by m=1 mhd activity. Tne 
fast part of the collapse has not yet been observed in detail but it seems 
to involve processes leading to a flattening of the profiles around the q=1 
surface with the central parameters remaining relatively unaltered. A 
slower process has also been observed which leads to an even smaller 
redistribution of energy at the q=1 surface. The reasons for the different 
behaviour of the partial sawteeth are unclear. 
qPROFILE It is well known that the qprofile plays a strong role in the 
sawtooth instability and the sawtooth inversion radius is generally taken 
to correspond to q=1. This conclusion has been further confirmed on JET by 
the existence of the m=n=1 "snake" oscillation [5J which also exists at 
this radius. The identification of normal sawteeth with an interchange 
instability led to the conclusion that q(0) = Î and that the change in q(0) 
in the sawtooth crash was  12%. This conclusion was supported by 
analysis of the movement of the snake during the crash. 

However, the monster sawteeth show quite a different picture and raise 
new problems in understanding the sawtooth. Faraday rotation measurements 
[6J, resistive diffusion calculation and magnetic equilibrium calculations 
all show that q(0) = 0.8 before both normal and monster sawtooth crashes 
and òq in the monster crash is  20%. These observations are not in 
agreement with the earlier understanding of the sawtooth crash and an 
alternative theoretical approach has therefore been investigated. 
THEORY We have taken the point of view that, for normal sawteeth as well 
as for monsters, q(0) is significantly below one, and that the onset of tne 
collapse is determined by the stability threshold of resistive m=1 modes. 
The stability plane (Fig.4) is determined by the parameters [7,8,9j 
AH(r0/R0J

2
5W/E

 l/a and λ#=ω*_/(ωΑε l / , J
) , evaluated at the flux coordinate 

r=rQ where q(rQ) = 1 . Here, <5W is the normalised MHD energy functional, 
which includes the effects of toroidicity [10J and plasma shaping [l1j. 
The numerical evaluation of 6W shows that triangular shaping in JET gives 
a negligible contribution; the elliptical contribution is destabilising, 
although typically 10* of 6W. The other parameters are as follows: 
> ηηο

2
/(4πΓ0

2
ωΑ], n is the resistivity, uA=s0vA//3R0 is the Alfvén 

frequency, sQr0qVr ) is the magnetic snear, ω*θ and u*j_are the electron 
and ion diamagnetic Irequencies respectively (.u*eZo*;). 

Although uncertainties remain in the exact location of the marginal 
stability curve, this is expected [7j to lie close to the curve shown in 
Fig.4. Layer effects near the q=1 surface, including electron thermal 
conductivity, ion viscosity, and tight aspect ratio, lead to stability on 
the left of this curve. Ideal MHD internal kink moaes correspond to the 
regime where λ·̂ >1. 

In our present approach, the nonlinear evolution of the m=1 mode must 
leave q(0) below one, in contrast with Kadomtsev's relaxation model, as no 
significant drop of q(0) can be expected during the ramp of normal 
sawteeth. Tne important point here is that stable q profiles with q(0)<1 
are found if \u is negative and sufficiently large. This requirement can 
be satisfied, tor instance, if the local magnetic snear parameter s is 
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small. In f act ̂ H is negative and scales mainly with s _5//3 during a 
sawtootn ramp in the ohmic phase, since the poloidal beta is small and the 
global equilibrium parameters cannot evolve significantly. Thus we propose 
an alternative prescription for the q profile in the relaxed state. We 
assume that the most significant changes in the q profile after the 
collapse are localised near the q=1 surface, where the magnetic shear is 
reduced over a radial interval of width A<rQ. Outside this interval the q 
profile is only slightly modified, with q(0J being reset to a prescribed 
value below unity, while rQ is chosen to be near the observed inversion 
radius. _ This prescription is suggested by measurements of the q profile in 
Textor [12J and is compatible with initial measurements of q(0) in JET [6j. 
It can be justified in terms of the growth of a magnetic island which 
triggers the faster late stage of the collapse as a critical width of order 
Δ is attained. The pressure profile after the sawtooth crash is taken to 
be flat in the region where q<1. 

Using this prescription, the time evolution of "AH and ̂  has been 
monitored with an equilibrium transport code which assumes neoclassical 
resistivity. JET plasmas with q^ = 4.5*5.5 have been considered so far. 
The trend in the ohmic phase is shown by the solidline trajectories in the 
stability plane of Fig.4. The trajectories start well in the stable region 
at the beginning of the sawtooth ramp and approach the marginal stability 
curve after about 90ms, at the end of the ramp. The first part of these 
trajectories is affected by the prescribed q profile after the collapse and 
should be considered with caution. However, for the same ohmic sawtooth 
simulated with two different initial values of sQ, the trajectories become 
close to each other on a time scale of the order of tens of milliseconds 
(Fig.4). A similar sensitivity has been observed with different choices of 
the initial q(0) ranging from 0.7 to 0.9, and even less to Δ ranging from 
rQ/4 to r_/2. This is consistent with the requirement that the values of 
the stability parameters at the onset of the collapse should not depend on 
fine variations of the prescribed q profile. 

The dotted lines in Fig.4 correspond to the evolution of the stability 
parameters during the ramp of a typical monster sawtooth for two initial 
values of sQ. For the case shown, the parameter λ^ becomes positive for ¿ 
¿ 0.15 (3p defined in Ref.[lOJ) after about 300ms. To account for the 
observed stability, it has been proposed that the resistive instability 
threshold, is modified by the presence of nonthermal energetic ions [13 j· 
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"J G. Ara et al., Ann. Phys. U2_ (1978) 443. 
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" 10J M.N. Bussac et al., Phys. Rev. Lett. 35 (1975) I638. 
11 j J.W. Connor and R.J. Hastie,. Culham Lab. Report CLMMIO6 (1985). 
12] H. Soltwisch et al., IAEA Conf. (Kyoto), 1 (1986) 263. 
13J F. Porcelli and F. Pegoraro, II Euro. Fus. Th. Mth. (Varenna, 1987) 
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Fig. 1 (right) Plasma centroid 
movement during sawtooth crash. 

(below) Tomographic 
analysis of monster sawtooth 
crash. 
 5 
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t o r o i d a l Xray emission during 
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110°. 

Fig . M Trajectories in the s t a b i l i t y 
plane. Solid curves: ohmic sawtooth 
(period  90ms); dotted curves: 
monster sawtooth (duration  2s) . The 
s ta r t ing point in the s tab le region 
corresponds to the beginning of the 
sawtooth ramp. I n i t i a l values of ' the 
local shear: so0.1 (upper solid and 
upper dotted curves); s o0.2 
(remaining curves). Other i n i t i a l 
values for a l l curves: q 0 .8 ; 
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PREDICTIONS FOR ICRF POWER DEPOSITION IN JET 
AND MODULATION EXPERIMENTS DURING SAWTOOTH-FREE PERIODS 
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J. Jacquinot, S. Knowlton, R. Koch"
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D. Roberts5, D.F.H. Start, P.R. Thomas, Κ. Thomsen, D. Van Eesten 

JET Joint Undertaking, Abingdon, Oxon., 0X14 3EA, UK. 
1LPP-ERM/KMS, Brussels, Belgium. 
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Chalmers University of Technology, Goteborg, Sweden. 

3FQM, "Rijnhuizen", Netherlands. 
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Theoretical Predictions. Various computational tools are available at JET 
for prediction of ICRF power deposition profiles: these include the global 
wave codes LION and ALCYON [1,2J, a ray-tracing code [3] and a simplified 
model [4j based on a parametrization of full wave code results. These 
codes can properly describe fundamental minority and 2nd harmonic majority 
heating, and direct electron heating due to transit time damping; the 
redistribution of power from the minority energetic ions to the background 
plasma is computed by solving the relevant Fokker-Planck equation. No 
satisfactory model is available for local electron heating due to mode 
conversion (experimentally observed in some of JET scenarios, see below). 

Fig.l shows a representative example of comparison between results from 
full wave and ray-tracing codes. They refer to on-axis minority heating of 
H in a D plasma, with strong single pass absorption. There is good 
agreement on the fractional power absorbed by the various species, and both 
codes predict strongly peaked deposition profiles. The local power density 
in the center is typically twice as high for the ray-tracing as for the 
global wave code; however, this figure is sensitive to the local geometry 
assumptions (volume effects) and to small uncertainties in the exact 
cyclotron resonance location related to magnetic field corrections. While 
this implies that we cannot rely on predictions in the vicinity of the 
magnetic axis, the integrated power absorbed within r - (0.3-0.4)a, i.e. 
the sawtooth region, is nearly the same for the two codes and is consistent 
with the experiment. The power deposition for cyclotron absorption 
predicted by the two codes differs mere for heating scenarios with weak 
absorption, for which full wave calculations yield less peaked profiles. 

Narrow deposition profiles are also predicted by all codes for JET 
off-axis heating, with the resonance position as far out as r - 0.6a. 

The assumption on the minority spatial distribution in the plasma is a 
major source of uncertainty for all predictions. Only sparse evidence is 
available on the total number of minority ions in each experiment, and it 

A132 



is even difficult to assess the uncertainty of this datum. The minority
radial density profile is arbitrarily assumed to be either uniform, or of 
the same shape as the measured electron density profile. 50? variations in 
the assumed minority concentration near the cyclotron resonance can yield 
changes of tne same order in tne computed local deposition. A similar 
variation in the overall minority concentration can also affect 
significantly (2030?) the power distribution to the different species. 

Modulation Experiments During Monster Sawteeth. Since the upgrade of the 
JET ICRF power system to 3 generators/24MW, it has been possible to launch 
into the plasma very highly modulated RF pulses with ΔΡ up to ± 2.5MW, 
superimposed on an average power in the range 51OMW. The simultaneous 
disappearance of sawteeth at these levels of RF power has allowed us to 
obtain much clearer experimental data than in previous experiments [5J. 

Figure 2 refers to one of the most recent results: a square wave 
modulated RF power of 7.2±1.6MW at 4Hz was launched into a deuterium 
plasma with 3He minority, yielding a ΔΤΘ0 of more than ±200eV, in phase 
with the RF power. 

A fastFouriertransformbased analysis [5] shows that the Teresponse 
is still visible at 12Hz, the first harmonic present in a square wave. 
This supports the idea that direct electron heating is the largest 
contributor to the observed Te modulation. Indeed, the transmission of 
power through the minority acts as a supplementary integrator, decreasing 
the amplitude of the response by a factor 1015  4.5 in the 4Hz case (ω = 
modulation frequency; τ 5 = fast ion slowingdown time). Thus, even if only 
30? of the total power was directly absorbed by electrons, this effect 
would dominate the picture. 

Information on the ratio between direct and indirect bulk plasma 
heating can be obtained by analyzing the effect of modulation on the plasma 
energy content W. This effect is clearly visible on both magnetic measure
ments available at JET, Wclia from diamagnetic loop (Wnia= 3/2 Wt, including 
the nonthermal component; and W^j from mhd equilibrium calcul ations 
(
W
mhd

= 3/2 W,t+3/4 Wi). Fourier analysis yields for this case ûWmhd= 42kJ 
ana ¿Wj^a= 56kJ, corresponding to AW t = 38kJ, AW» = 9kJ and AW(anisotropic) 
= 20kJ. Thus we estimate that only 40? of the RF power results in the 
creation of an anisotropy in the velocity distribution of the minority. 
However, it should be stressed that this deduction is particularly sensi
tive to uncertainties in Wdia and Wmhd, and requires further confirmation. 

In order to compare the modulation experiments with theory, we turn now 
to a case of H minority heating in 3He, where the effect of direct electron 
heating is expected to be low. Fig.3 presents both amplitude and phase of 
ATe(r) resulting from Fourier analysis, corrected for the modulation of the. 
magnetic axis shift, responsible for up to 40eV in AT in the gradient zone 

Of the total modulated RF power (ΔΡ = 1.7MW), 80? is seen in the 
modulation of the energy content. Plasma energy modulation amounts to 
AW
nhd 34kJ and AWd,a = 62kJ, corresponding to AW, = 41 kJ, AW„ = 2kJ and AW 

(anisotropic) = 37kJ. This means that 85? of the power goes to produce an 
anisotropic minority population. Considering that part of the remaining 
power will be absorbed by bulk minority ions, we conclude that direct 
electron heating is indeed a minor effect in this experiment. 

The Tgresponse has been simulated using a diffusion equation for the 
electron energy in cylindrical geometry, with radially constant heat 
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diffusivity. The assumed power deposition profile on the minority (a 
Gaussian with width 20cm) closely resembles those predicted by the various 
codes. The modulated component of the Ohmic power input has been found to 
be negligible, and non diffusive energy losses have been neglected. The 
model also allows for a small component of direct heating to be taken into 
account. A good agreement is found (see Fig.3a and 3b) assuming Xg(0) = 
2-4m

2
/s and a small amount of direct electron heating (5-10?). This value 

of χ near the plasma center is consistent with the local power balance, 
and is as large as that previously measured in the outer plasma using the 
heat pulse propagation technique [6J. 

Conclusions. Predictive calculations of ICRF power deposition profiles in 
JET using various numerical tools yield a consistent picture, in 
qualitative agreement with experimental evidence. Quantitatively the 
agreement is satisfactory, but the codes tend to overestimate the power 
density near the plasma center, and cannot describe situations where direct 
electron heating via mode conversion is important. Poor knowledge of the 
minority distribution in the plasma can cause a significant uncertainty in 
the predicted deposition profiles. 

RF power modulation experiments have been successfully attempted during 
"monster sawteeth", without destabilizing the sawtooth-free discharge. We 
have presented a D(3He) case where significant direct electron heating has 
been observed, and the measured Τ -response profile is dominated by this 
effect. Such a scenario is outside the boundaries of applicability of our 
theoretical models. 

We have also shown results for a 3He(H) plasma, where minority heating 
is clearly dominant. Theoretical predictions for power deposition can 
reproduce the observed amplitude and phase of ATe(r) if an electron thermal 
conductivity xe = (2-4)m2/s is assumed in the central plasma region. 
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Fig.1 Predictions from ray-tracing (solid) and global wave code LION 
(dashed lines) for H minority heating in a deuterium JET plasma. Due to 
the high temperature and toroidal mode number, mode conversion is 
negligible for this scenario. 
Fig.2 Electron temperature traces at different radii (from the ECE poly-
chromator) for a modulation experiment in a deuterium plasma with 3He 
minority. RF power modulation at 4Hz; <PRF>=7.2MW, AP=±1.6MW. Ip=2MA, 
BT=3.4T, neQ=4.3x10l9πΓ3, TeQ=7keV. ρ is a normalized flux coordinate. 
Fig.3 Amplitude (a) and phase (b) of the Te response versus major radius, 
corrected for the modulation of the magnetic axis shift. 3

He(H) plasma 
with Ip=2MA, BT=2.1T, modulation at 5Hz, <PRF>=5MW, ΔΡ=±1.7Μί. The solid 
lines are the result of the model as defined in the text. 
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ANALYSIS OF CURRENT AND PRESSURE PROFILES IN JET Η-MODE DISCHARGES 

E. Lazzaro, Κ. Avinash, M. Brusati, Ν. Gottardi, 
F. Rimini and P. Smeulders 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK. 

INTRODUCTION. 

High confinement discharges have been obtained in JET with a magnetic 
separatrix configuration with a single stagnation point [l] at currents up 
to 3 MA and intense neutral beam (NBI) heating. When the NBI power exceeds 
about 2.5 times the ohmic power a transition occurs from the low confinement 
(L) regime to the high energy confinement (H) mode. 
The characteristic signatures of Η-modes are, as observed previously in 
ASDEX [2] the sharp increase in density, the appearance of pedestals in the 
measured temperature profiles and a rather quiescent Mhd behaviour, 
A significant difference between JET Η-modes and those of ASDEX is the 
persistence in JET of sawtoothing conditions with q(Q)<1 across the L-H 
transition. In ASDEX the disappearance of sawteeth was related to a 
flattening of the current indicated by reduction of the internal inductance. 

An analysis of the X-ray emission signals, of the interferometric and 
LIDAR measurements of the density, of the ECE and LIDAR measurements of the 
electron temperature and pressure profiles consistent with the magnetic 
equilibrium, shows that JET Η-modes may be characterised by a long non-
steady state condition with unconventional density and pressure profiles 
which are flat or hollow within the q=1 surface, which expands after the L 
to Η transition. Fig.1 shows the LIDAR, pressure and q profile for the 3 
MA Η-mode shot 14815, in the L and Η phases. 

The pressure and current profiles obtained in this class of H-modes 
allow sawtoothing, with q(0)<1 while keeping stability against localised or 
ballooning instabilities in the low shear plasma core according to Mercier 
criterion. 

In the confinement region, outside the q=1 surface, there is evidence 
that the current and pressure profiles are related in a way similar to that 
of the theoretical model by B. Kadomtsev [4J, in which the Η-mode appears to 
be a branch of possible equilibria with minimal total plasma energy for a 
given total plasma current. The implications of the model are that only 
incoherent perturbations which leave the total current constant, are 
responsible for the relaxation to a minimum energy state, while low number 
modes can still be unstable. However this is not consistent with JET H-mode 
data as JET Η-modes are sawtoothing because the core equilibrium still 
corresponds to an L-mode with degraded confinement which should hence be 
obtained by helicity constraint in the mixing region. Close to the Troyon 
limit finite aspect ratio and finite beta effects can be identified in the 
current density profile (Pfirsch-Schlüter current) not accounted for by the 
large aspect ratio model. 
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H-MODE EQUILIBRIUM AND MINIMUM ENERGY PRINCIPLE. 
It has been shown that general variational principles lead to universal 

tokamak current and pressure profiles [3—5J. To describe JET Η-modes we use 
a principle of minimisation for the plasma total energy: 

W = ƒ dV {[F2 + (grad ty)2]/[2R2) + Ρ/(Ύ-1)} (1) 
with the following prescription chosen in accord with observations. In (1) 
Ρ(ψ) is the plasma pressure and F/R=3Z the toroidal field. Specifically we 
consider that: a) sawtoothing inside the mixing radius r=rsis related to a 
unique helicity Κ = ƒ A-BdV for 0<r<rs. The plasma energy W should be 
minimised with constant Κ (L-mode). b) in the confinement region r>rs we 
use Kadomtsev minimisation of the total plasma energy W keeping the current 
in this confinement region constant (Η-mode). In fact the constraints a) 
and b) are equivalent to that of keeping constant the total plasma current: 

I = ƒ dV {RdP/diij + (F/R)dF/dy} (2) 
c) the equilibrium must be matched across r=rs. The equilibrium for r<rs 
obtained from a) using a Lagrange multiplier v, and choosing Az(rs)=0, 
implies: 

Jz = vBz = Jo' P = Po (3) 
both constant. In the confinement region rs<r<a, for large aspect ratio, 
and ßD-1 the minimisation scheme b) leads to a Grad-Schlüter-Shafranóv 
equation of the Liouville type: 

div (grad ψ/λ) = - Q exp {ψ/λ} (Η) 

In azimuthal symmetry the solution of (4) with λ = 3p <ψ>/8π leads to the 
profiles [3,^J which have the remarkable consistency property: 

q = q0 + H(r-rs)(r
2
-rs

2
)/a*

2
; J = J0q0

2
/q

2
; Ρ = PQq0

2
/q

2 (5) 

with a*2q = I /TTJ -r 2 ; (a/a*)2 - Qa"Q0·
 Tne e

q
u
ilibr

ium profiles of 
pressure or current are characterised by the scale length a* or the peakage 
parameter which is, for rs/a* << 1 : 

<P>/P0 - q0/qa (6) 
For a given value of the parameter Q = (B2(a)/2(j0)/P0 there are two 
possible solutions since: 

(<P>/P0J
2 - <P>/P0 + Q/8 = 0 (7) 

and the solution with larger scale length (larger <P>/P ) could be 
interpreted as an ASDEX type Η—mode which is sawtooth free with qQ>1. In 
JET discharges however, qa/q0 has remained constant -4 through the L-H 
transition selecting a branch of equilibria which within the mixing region 
relaxes to profiles with constant helicity. 
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EXPERIMENTAL DATA. 
Fig.2 and Fig.4 show the actual current and pressure profiles for the 

LH transition in shot 10766, plotted against the theoretical model of 
Eqs.(5). It appears that over most of the plasma cross section the 
experimental H mode profiles fulfil the consistency relations (5) even if 
the space dependence is different from that of the theoretical models. This 
behaviour is quite general in the H phase but it can also occur during the L 
phase. Fig.4 shows the experimental temperature peakage <T >/TQ plotted 
versus qQ/qa for a large number of JETΗ mode discharges. The experimental 
points appear to be bracketed between the limits (a) of the ohmic profile 
consistency principle <T >/TQ  3q0/2qa and (b) the limit (6) for <P>/P . 
This might be an indication of the equivalence of the two principles. 
Finally, we consider whether data agree with the model [6] of the Ηmode as 
a transition of the outer plasma layers into the second stability region for 
ballooning modes. 

A ballooning stability diagram in the plane [Jr/B_,2(R2/BD) q¿ (dp/dr)J 
is shown in Fig.5 for shot 10767 for a surface close to the separatrix. 
•Fig.6 shows the J profile consistency of shot 10767. 

The L phase of the trajectory is all in the first stability region, and 
the LH transition is only marginally approaching the second stability. 

CONCLUSIONS. 
The "diagnostic" integrals of motion I and Κ have been used to describe 

JET Ηmodes as states of constrained minimum energy. They appear to be one 
of two possible branches of stable finite 3D equilibria, the other being 
sawtooth free as in ASDEX. 

REFERENCES 

[i] Tanga, A, Denne, Β., Harbour, P.,. Lazzaro, E., Noll, P. et al. Nuci. 
Fus. 27 (1987) 1877. 

2] Wagner, F. et al. Proc. of Tor. Plas. Varenna (1985). 
3J Montgomery, et al. Plasma Phys. 21_ (1979) 239. 
4J Kadomtsev, B.B. J. Sov. Plas. Phys. ]3_ (1987) 7 (in Russian). 
5I Hsu, J.Y., Chu, M.S. Phys. Fluids 30 (1987) 1221. 
6] Bishop, C. Nuci. Fus. 27 (1987) 1755. 

POLOIDAL FLUX CONTOURS IN THE PLASMA 
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LOWER HYBRID WAVE STOCHASTICITY IN TOKAMAKS : 
A UNIVERSAL MECHANISM FOR BRIDGIN.G THE n» SPECTRAL GAP 
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Abstract 

A global approach t o the problem of LHCD i s being a t tempted . For 
t yp i ca l tokamak aspect r a t i o s the propagat ion over long t r a j e c t o r i e s i s 
s t o c h a s t i c and we desc r ibe the dynamics of the wave in the random phase 
approximation (RPA). 

Motivation for a Global Approach t o LHCD 

Up t o now, combined r a y  t r a c i n g and FokkerPlanck codes have 
provided a f a i r l y good d e s c r i p t i o n of LHCD if the waves a r e fol lowed 
a f t e r one or a few r e f l e c t i o n s at the plasma edge and if the suprathermal 
e l e c t r o n s a re allowed t o d i f fuse towards the plasma core before slowing 
down . In f a c t , because the absorp t ion i s based on the resonant i n t e r 
ac t i on between the waves and the f a s t e l e c t r o n s the plasma i s gene ra l l y 
t r a n s p a r e n t t o the h i g h e s t phase v e l o c i t y waves which a r e l aunched . This 
i s usua l ly r e f e r r e d to as the problem of the LH s p e c t r a l gap. 

If the wave i s decomposed on the usual exp( j u t + jnd> + jmfi) 
harmonic c y l i n d r i c a l b a s i s , the l o c a l wave vector i s given by: 

kii(r) = (n + q%rŢ)/R ( D 

where q(r) · i s the c y l i n d r i c a l s a f e t y f a c t o r . Under the cond i t ion 
ηε >> 1 , where ¡, i s the i nve r se aspect r a t i o of the tokamak, r a y  t r a c i n g 
p r e d i c t s a l a r g e i n c r e a s e in the polo ida l mode number m which e n t a i l s a 
s i g n i f i c a n t upsh i f t of the wave vector kii . However t h e r e a re some 
drawbacks in using the geometr ical o p t i c s for waves which are propagat ing 
over m u l t i p l e passes through the plasma column. Such an approach i s 
unable t o take i n t o account the spreading of wavepackets and t h e r e f o r e 
app l i e s only during a c h a r a c t e r i s t i c c o r r e l a t i o n time of the wave. In 
our work we show how, due t o t o r o i d a l e f f e c t s , a s t o c h a s t i c i n s t a b i l i t y 

ρ 
appears , which l eads t o an exponent ia l divergence of the rays and t o the d e s t r u c t i o n of the c o r r e l a t i o n s . The long time dynamics of the wave 
energy U(m) wil l be descr ibed as a random walk in m space^ . Then the 
s o l u t i o n of the as soc i a t ed master equat ion can pred i c t the s teady s t a t e 
d i s t r i b u t i o n U(m) and, via ( 1 ) , t he l o c a l and s p e c t r a l power and c u r r e n t 
d e p o s i t i o n , which are the c r u c i a l parameters for p r o f i l e con t ro l 
exper iments . 
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Resonant Toroidal Couplings 

Our starting point is a modal analysis of the electric field E on a 
cylindrical basis: 

È ( F
· ^ = ij.n a

imn
(
^ W F ) (2) 

where l,m,n are the radial, poloidal and toroidal mode numbers related by 
the unperturbed cylindrical dispersion relation D(cjilim,n) = 0. Fig 1 
shows such a dispersion curve (f = 37 GHz, η = const) for the electro
static branch and typical JET parameters. Toroidal effects induce 
couplings between the (l,m,n) modes and Maxwell equations can be written: 

ïït
a
lmn

(t) 
J'lmn

 a
lmn

( t ) 1 J l'm'n v
lmn

 a
l'm*n'

KL ' (3) 
where V, " 's are matrix elements of the toroidal perturbation, ie 

lmn _ . imm'ι .. . . . . proportional to ε 
oscillators. 

imm'ι We are thus led to consider a system of coupled 
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Fig 1 : Dispersion Curve Fig 2: Resonant Couplings 

Because the perturbation is stationary, toroidal couplings will be 
resonant when they couple modes which lie on the unperturbed dispersion 
curve, ie which correspond to the same eigenfrequency (w^,m,n, = ω1π]η) 
This will occur when the vector (Δ1 = 11', Am = mm') is tangent to the 
dispersion curve, ie when the slope of the curve is rational: 

ί ai Ì 
9m = re = rational number 

Am (Ό 
Fig 2 displays this set of resonances. We expect the dynamics of 

system (3) to be dominated by the resonant couplings and we are therefore 
tempted to apply the random phase approximation and to write a master 
equation for the wave energy U(m) α a^mn · a

imn
 w i t h n = const and 

1 = l(u,n,m): 

dU(m) I P(m' > m) U(m') ~ I P(m > m') U(m) 
dt " m' m' (5) 
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If the t r a n s i t i o n s took place in a continuum of s t a t e s , t he t r a n s i 
t ion p r o b a b i l i t i e s P(m Í m') would be propor t iona l t o | v i m̂» n ' I · So we 
must f ind out how to. compute t he resonant matr ix elements . A second 
conceptual ques t ion a l s o a r i s e s : under which cond i t ions i s the random 
phase approximation j u s t i f i e d and what i s the connection between 
P(m m' ) and v } m n 

I 'm ' n' in the ac tua l problem? 

Wave S t o c h a s t i c i t y and C r i t e r i o n for Random Phase Approximation (RPA) 

To make progress concerning these q u e s t i o n s , we go back t o the 
s tandard r a y  t r a c i n g and express i t in terms of canonical a c t i o n  a n g l e 
v a r i a b l e s of the c y l i n d r i c a l geometry, using the hamil tonian c h a r a c t e r of 
ray e q u a t i o n s . Poincaré sur face of section p l o t s in t h e (e,m) plane are 
shown in F i g s 3 , 4 and 5 for various i n c r e a s i n g i nve r se aspect r a t i o s . 

Fig 3: r = r
0 su r f ace of s e c t i o n 
(ε = 0.015) 

100 200 300 
Η (deg ) 

Fig H: r = r su r f ace of s e c t i o n 
(ε = 0.05) 

I n Fig 3 . ε i s c h o s e n s u f f i c i e n t l y smal l ( 1 . 5 x 10 ) t o e x h i b i t t h e 
i s l a n d s t r u c t u r e of p h a s e s p a c e . The l i n k between t h e r a y and wave 
a p p r o a c h e s y i e l d s t h e f o l l o w i n g r e l a t i o n s h i p between t h e i s l a n d w i d t h and 
t h e c o r r e s p o n d i n g r e s o n a n t m a t r i x e l e m e n t : 

Am i s l a n d 4 Am 
c o u p l i n g 

2 V 
Imn 

' l ' m ' n ' 
res 

1 
Λ 

(6) 

where m'^es c o n t 
s u c c e s s f u l chec 
i s l a n d width vs 
i s p r o p o r t i o n a l 
l e a d s t o g l o b a l 
F i g 5 U = 0 . 3 ) 
c o r r e l a t i o n s ar 
s y s t e m ( 3 ) , t h u s 
q u a s i  l i n e a r t h 
means t h a t t h e 

a i ns s e c o n d d e r i v a t i v e s of t h e d i s p e r s i o n r e l a t i o n . A 
k of t h i s r e l a t i o n i s shown i n F i g 6 where we p l o t t e d t h e 

ε f o r v a r i o u s r e s o n a n c e s and t h u s v e r i f i e d t h a t VŢ1?1"1. , 
I mm'I 1 ' m' η' 

t o ε l ' . For l a r g e v a l u e s of ε , i s l a n d o v e r l a p p i n g 
s t o c h a s t i c i t y as shown i n Fig ^ (ε = 5 x 10 ) and i n 

I n t h e s t o c h a s t i c r e g i m e , i t can be a r g u e d t h a t t h e 
e s u f f i c i e n t l y weak t o j u s t i f y t h e u s e of t h e RPA i n 
l e a d i n g t o ( 5 ) . P(m $ m' ) may t h e n be deduced from 

eo ry (p(m ? m · ) . A m £ o u p l i n g = 
d i f f u s i o n of m s c a l e s a s : bounce ' Am i s l a n d ^ which 

P(m ^ m') ,,lmn 
v l ' m ' n' 

Ami s l a n d 
Am c o u p l i n g 

(7) 
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To which ex ten t the onset of global s t o c h a s t i c ! t y i s s u f f i c i e n t for 
applying the RPA on the "quantum" d e s c r i p t i o n of the mode coup l ings (3 ) i s 
a fundamental ques t ion which wil l be the subjec t of f u t u r e work. 

1500 

m 

1000 

500 

0 

/ \ 

/ ΓΛ \ 


'
 V 

J 
Fig 5: 

200 
H(deg ) 

r = rQ su r f ace of sec t i on 

' 0 · 

** ' ' 

T I  7 I C I 0 1 ) .Λ*' 

rr\m ITO (1 '1 ^*** 

*"ί ί3|2ΤΙ^ ' 

,

" 2 í 

 t ' 

2) 

"'/f 
m200|l3) 

r
mC5(2 1) 

ι ; ι 

: i ι 
! 1 

Fig 6: I s l and Width Versus ε 
(e = 0.3) 

Conclusion 

We propose a global s t o c h a s t i c 
d e s c r i p t i o n of lower hybrid wave 
propagation and power depos i t i on in 
tokamaks. When the absorp t ion r a t e 
ï(m) of each unperturbed mode i s 
included as a sink in system(5) a 
steady s t a t e s o l u t i o n can be found 
in the presence of a source at m  0. 
Fig 7 shows t ha t the absorbed power 
spectrum can be much broader and 
even very d i s t i n c t from the launched 
spectrum when the s o  c a l l e d 
" s p e c t r a l gap" has t o be bridged by 
means of the s t o c h a s t i c d i f f u s i o n . 
F i n a l l y , each Y(m) has a r a d i a l 
d i s t r i b u t i o n from which the t o t a l 
power depos i t ion and dr iven cur ren t 
p r o f i l e s are c a l c u l a t e d . 
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Fig 7: Thermal ( . . . ) and 
Nonthermal (—) abso rp t ion 
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ROLE OF ANTENNA SCREEN ANGLE DURING ICRF HEATING EXPERIMENTS IN JET 

M Bures, V Bhatnagar, S C o r t i , G D e v i l l e r s 1 , B Denne, M F o r e s t 2 , 
T H e l l s t e n , J J a c q u i n o t , D S t a r t 

JET J o i n t Undertaking, Abingdon, Oxfordshi re , 0X14 3EA, England 
1 Attached from University of Grenoble,.France 
2 EURATOM/UKAEA Association, Culham Laboratory 

Introduction 

To eliminate the excitation of the En.component of RF field, the 
screen elements of JET antennae were installed at an angle of 15° with 
respect to the toroidal field. This implies that the elements are 
aligned with the magnetic field during the discharges with B, = 3·4 T and 
I = 5 MA for which the design was optimised. To test the effects of the 
magnetic field line direction at the plasma edge with respect to the 
antenna screen elements, some RF heating experiments were carried out 
with a reversed direction of toroidal field. Experiments were performed 
with the same target plasma conditions B, = 2.1 T, I = 2 MA, 3He(H) 
heating scenario and density < η >= 1.7 - 1.8 χ 101* m-3. The antennae 
were phased as monopoles with KM spectrum peaked at Kn = 0 m-1. A few 

1 discharges in the reversed field condition were run au somewhat higher 
field B. = 2.25 T. 

Φ 
Coupling Resistance and the Plasma Edge Parameters 

In the reversed field case the coupling resistance Rc is typically 
30 % lower as plotted in Fig 1. Also the time evolution is different. 
In the normal case, the coupling resistance is strongly modulated by the 
radial eigenmodes of the magneto-acoustic (MA) wave. Eigenmodes result 
from the density increase caused by the RF enhanced neutral gas and 
impurity influx. In the reversed field case, the eigenmode activity is 
less evident, despite the density increase as a function of power being 
the same. The plasma edge density and temperature were measured by the 
Langmuir probes placed in the protection t i l e of the RF antenna. There 
is evidence that the average value (integrated over the RF pulse) of 
density in front of the antenna screen increases from 2 χ 1018 m-3 to 
Η χ 1018 m-3 in both cases. Also temperature increases from 15 eV to 50 
eV in the normal case. The measurements suggest that in the reversed 
field case, the temperature profile flattens and the increase of 
temperature in front of screen is lower. 
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Heating Efficiency 

In both cases the minority cyclotron layer was placed in the centre 
of the plasma. A number of significant differences in heating efficiency 
was observed. In the reversed field case: 

a) The rate of increase of Te(0) and < Te > with PRp/< η > was 30 % 
lower. The example of Te(0) time evolution is plotted in Fig 2. 
"Monster" sawtooth phenomenon should be noticed. 

b) The energy increase as a function of applied power can be character
ised by the incremental confinement time TJ^Q = AW/(Ppp  ΔΡΩ) =0.16 sec 
which is lower by 30 % than in the normal case (Fig 3)· The plasma 
stored energy is derived from the electron temperature profile, ion 
temperature of plasma centre, density profile and Zeff. The same 
difference of 30 % is obtained from magnetic measurement. 

c) The ion temperature increase measured by. xray spectroscopy 
indicates no substantial difference in ion heating. Electron temperature 
profile does not show any particular feature in either case. Also the 
neutral hydrogen spectrum does not indicate any substantial difference in 
formation of an energetic hydrogen minority tail. The deuterium fast 
tail is starting to form due to the second harmonic minority heating, in 
both cases. 

Neutral and Impurtiy Influxes 

When the RF power is applied, the density increases. The radiation power 
increases roughly linearly with density but somewhat faster in the 
reversed field case. The ratio Ρρ^/Ρχοτ v e r s u s Ρχοτ is plo t t e d i n 

The higher radiated fraction can be correlated to the enhanced 
— ι 1 1 1 1 1 1 1 1 

Fig 4. 
WK,N 

do
6 J) 

χ Normal BT direction 
0 Reversed BT direction 

PTOT=PÍ2+PRF (MW) 

Fig 3: Plasma s to red energy as a funct ion of t o t a l power input 
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inf lux of meta l s , mainly the n i c k e l . In Fig 5 the i n t e n s i t y of NiXXV 
l i n e normalised to dens i ty i s p l o t t e d versus tne power i n p u t . I t 
r ep re sen t s the number of nickel ions along the l i n e of s i g h t . Also the 
i n t e n s i t i e s of oxygen OV and carbon CIV l i n e s d i f f e r in the 2 c a s e s . 
I n t e n s i t y of the oxygen l i n e i s higher roughly by f ac to r 2 in the 
reversed f i e l d c a s e , while the CIV i n t e n s i t y i s lower . This might be 
c o r r e l a t e d to lower deuterium i n f luxes as measured by D emission 

α 
recorded along the l i n e of s i g h t i n t e r c e p t i n g the l i m i t e r s . No 
di f fe rence i s observed monitor ing the Hel l i n e . 
Conclusions 

A c lea r d i f fe rence in the impuri ty in f luxes as well as the hea t ing 
e f f i c i ency was observed between the discharges with normal and r eve r sed 
d i r e c t i o n of the t o r o i d a l f i e l d . Also, the coupling r e s i s t a n c e d i f f e r s 
s u b s t a n t i a l l y . The r e s u l t s i n d i c a t e t h a t the coupling t o MA wave 
r e s p e c t i v e l y t o slow wave i s d i f f e r e n t in the 2 c a s e s . The p a r a l l e l 
component of the RF e l e c t r i c f i e l d i s minimised when the screen elements 
are a l igned along the magnetic f i e l d . 
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F l i n d e r s U n i v e r s i t y , Bedford Park 5042, S o u t h A u s t r a l i a 
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I n t r o d u c t i o n 
JET d i s c h a r g e s h e a t e d w i t h t h e new, wide r a n t e n n a s whose c u r r e n t s 

have a p a r t i c u l a r l y wel l d e f i n e d F o u r i e r t r a n s f o r m i n kii , show a s e r i e s 
of peaks i n t h e c o u p l i n g r e s i s t a n c e when t h e monopole p h a s i n g i s u s e d . 
These peaks which we s h a l l s e e t o be c h a r a c t e r i s t i c of t h e e x c i t a t i o n of 
e igenmodes [ l , 2 ] a r e p a r t i c u l a r l y c l e a r l y s e e n i n Fig 1a f o r which t h e 
m a g n e t i c f i e l d was ramped, and i n F i g 2 i n which t h e plasma d e n s i t y 
e v o l v e d l i n e a r l y . I n t h e monopole p h a s i n g t h e e x c i t e d s p e c t r u m i s peaked 
a t k'¡ = 0 m~1 and has h a l f w i d t h 4 m _ l . For t h e d i p o l e p h a s i n g , t h e 
maximum power i s r a d i a t e d a t kn = 7 m_1 and t h e s t r e n g t h i s z e r o a t 
kii = 0 m~1 . I n t h e d i p o l e c o n f i g u r a t i o n , v a r i a t i o n s of t h e c o u p l i n g 
r e s i s t a n c e a r e ve ry much r e d u c e d , s e e F i g 1b . 

By compar ing p r e d i c t i o n s of a s l a b model w i t h t h e a n a l y s i s of t h e 
d a t a f o r t h e s p a c i n g s of t h e ' o n s e t of t h e s e p e a k s , we make t h e f i r s t 
d e t a i l e d and unambiguous i d e n t i f i c a t i o n of r a d i a l eigenmodes which a r e 
e x c i t e d when low t o r o i d a l mode number f a s t waves a r e r e s o n a n t l y r e f l e c t e d 
between t h e i o n  i o n  h y b r i d c u t  o f f l a y e r and t h e a n t e n n a . We have 
d e v e l o p e d an u n d e r s t a n d i n g of t h e asymmetry of t h e peaks i n c o u p l i n g 
r e s i s t a n c e ; we have m o d e l l e d t h e p e a k  t o  v a l l e y r a t i o s f o r t h e c o u p l i n g 
r e s i s t a n c e ; and we have shown why t h e v a r i a t i o n s of c o u p l i n g r e s i s t a n c e 
a r e v e r y much r e d u c e d when t h e d i p o l e p h a s i n g i s u s e d . F u r t h e r , we have 
examined t h e d a t a t o gauge t h e e f f e c t s of eigenmode e x c i t a t i o n d u r i n g 
h i g h power ICRH h e a t i n g . 
The S l a b Model 

The plasma i s t r e a t e d as a s l a b between t h e a n t e n n a and t h e 
i o n  i o n  h y b r i d c u t  o f f l a y e r , h a v i n g t h i c k n e s s d. I n JET t h e p o l o i d a l 
l e n g t h of t h e a n t e n n a i s l a r g e compared t o t h e w i d t h L , and we assume 
k = 0 . Al l p o l o i d a l v a r i a t i o n s (y) a r e n e g l e c t e d . , 

y k^Dz 

The f a s t wave d i s p e r s i o n r e l a t i o n : k£ = k"S  k£  k ¿ g _ k ^ 
a p p l i e d t o t h e s l a b can be c o n s i d e r e d i n a manner a n a l o g o u s t o t h a t used 
by S t i x [ 3 ] t o i d e n t i f y and t r a c k t h e e igenmodes of t h e sys t em; k x , k z 
and kQ r e f e r t o r a d i a l , t o r o i d a l and f r e e s p a c e p r o p a g a t i o n . S and D a r e 
t h e u s u a l sum and d i f f e r e n c e t e rms of t h e d i e l e c t r i c t e n s o r . 

A148 



Tne e l e c t r i c f i e l d at the antenna placed j u s t ou t s i ce tne f a s t wave 
cut ff l a y e r i s tne sum of the i nc iden t wave E from the antenna , plus 
the mul t ip ly r e f l e c t e d waves, a t t enua ted by α and pnase sh i f t ed by 5 each 
t r a n s i t around and across the t o r o i c a l s l ab t o give : 

E„ „ „ , _ _ = E Τ + eα
 + 13 

y antenna y ^ _ e~a r i¿ 
In the full computation the attentuation a is determined by a mode 

conversion algorithm (Coestock and Kashuba [̂ ,) dependent on the 
minority concentration and temperature. 

The power P, delivered by the antenna may be written in terms of the 
antenna current IQ and this E field. Using r, the antenna Fourier 
spectrum and Ey the Fourier transform of Ε , the coupling resistance Rc 
is then written: 

R = 2P^ = 1 R J o _ , dk Ë 
c  T ^  T ^ "el ^TTnJ_  ζ Ψ y 

For . << 1 , as expected near kz = o, and nea r ly r a d i a l propaga t ion , 
β  2 k d. When kxd = nu, the l a s t f ac to r of the in tegrand i s — giving 
an enhanced r ea l c o n t r i b u t i o n . When kxd * ηπ, the l a s t f a c t o r i s 
i c o t S/2 and the c o n t r i b u t i o n i s imaginary. 

For α l a r g e , as expected for l a r g e k z , the i n t e g r a l i s unchanged 
from the s i n g l e pass model. 

These resonant c o n t r i b u t i o n s with k d = η wil l be r e f e r r e d t o as 
"poles" and they def ine the r a d i a l eigenmodes. 

Cont r ibu t ions occur r ing for values of k having corresponding va.ues 
of k with l a r g e values of the Four ie r t ransform of the antenna c u r r e n t 
can make dominating resonant c o n t r i b u t i o n s to the coupling r e s i s t a n c e . 

Because the k value as soc i a t ed with t hese s t rong resonant 
c o n t r i b u t i o n s changes as the plasma parameters evolve in t ime, the power 
absorp t ion spectrum in k v a r i e s in time and does not have the same shape 
as the Four ier transform of the antenna c u r r e n t . For monopole phas ing , 
as k approaches ze ro , the antenna output i nc reases (because of the 
Fourier t r ans f rm of the antenna cur ren t and reduced a t t e n u a t i o n while 
t u n n e l l i n g from the antenna t o the plasma) , and r e f l e c t i v i t y i n c r e a s e s . 
Thus, we get the highes t c o n t r i b u t i o n s to R , i e eigenmode onse t s when 
the dens i ty and magnetic f i e l d are se t to values which access a r a d i a l 
eigenmode with t o r o i d a l mode number η = 0. 

■ φ 
If now the plasma parameters are changed so that, eg the Alf vén 

velocity is reduced, the dispersion relation between k and k ensures 
that eigenmodes with successively higher toroidal mode numbers are 
accessed in oraer . Each of these higher k modes has decreasing 
reflectivity, and the antenna output in the monopole phasing decreases 
with η so we obtain a decreasing coupling resistance giving the 
asymmetry typical of the peaks in the data presented in Figs 1a and 2a. 

For the dipole phasing there is a zero antenna output with η = 0 so 
that poles at small η cannot contribute significantly to the coupling 
resistance. For larger values of η , changes of the antenna output are 
sma^l and no variations of the the mean coupling resistance are expected. 
Only small variations of the coupling resistance are seen because of the 
stronger absorption. 
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Resu l t s and Discuss ion: 
The Alfvén speed va r i e s with both magnetic f i e l d Β and d e n s i t y . 

When Β changes the p o s i t i o n of the i o n  i o n  h y b r i d , cu t o f f l a y e r changes, 
e f f e c t i v e l y changing the s l ab t h i c k n e s s . In a d d i t i o n , in high power ICRH 
hea t ing p u l s e s , changes in Ze f f ec t i ve change the mass d e n s i t y . These 
p o i n t s a re a l l taken i n t o account , where a p p r o p r i a t e in c a l c u l a t i n g 
changes t o the o p t i c a l path l e n g t h . The spac ings of trie onse t s of the 
eigenmodes seen in the data of Figs 1a and 2a a r e then found t o 
correspond very well t o changes of the o p t i c a l path l eng th by λ. In Fig 
2d the s lope of kx d a g a i n s t r a d i a l mode number i s c lose t o one. 

π 
To f i t the peak  to va l l ey r a t i o s and shapes of the peaks in the 

coupl ing r e s i s t a n c e d a t a , the minor i ty c o n c e n t r a t i o n i s var ied at known 
t empera ture i n the mode convers ion a lgo r i t hm. For the data of Fig 1a, 
the bes t f i t (Fig 1d) was obta ined with 20 % hydrogen minori ty ion 
c o n c e n t r a t i o n , a value c lose to t h a t measured v ia charge exchange. 

In Fig 5 an i nd iv idua l eigenmode was t r a c k e d . The e l ec t ron 
tempera ture was among the h ighes t with the l e v e l of RF power used 
(10 MW), even though during the peak t empera tu re , the high coupling 
r e s i s t a n c e i s evidence of a high r e f l e c t i o n c o e f f i c i e n t and thus low 
abso rp t ion of energy per pass . The e l e c t r o n tempera ture p r o f i l e 
conformed t o those normally observed both in the va l l ey a t 51.H s and 
near the peak, eg at 51.83 s . Stored energy and C I I I impuri ty r a d i a t i o n 
i n t e n s i t y a r e not dependent on the e x c i t a t i o n of eigenmodes. 

In a pulse not shown, 12 MW of RF power produces T e = 9.5 keV and 
T i = 8.0 keV a t times when t h e r e i s eigenmode e x c i t a t i o n . But the 
p e a k  t o  v a l l e y r a t i o i s very small at t he se high temperatures so through
out almost the whole range of k z t h e r e must be high absorp t ion per pas s . 

I n d ipo le phasing the v a r i a t i o n s of coupling r e s i s t a n c e are much 
reduced compared with monopole phasing p a r t i c u l a r l y when using hydrogen 
minor i ty spec ie s h e a t i n g , even when dramatic changes of dens i ty and 
t empera ture occur , eg during p e l l e t i n j e c t i o n . 

Sawtoothfree per iods are achieved both with monopole phasing in 
which eigenmode e x c i t a t i o n i s observed and a l s o with dipole phas ing , so 
t h a t no s p e c i a l e f f e c t s are a t t r i b u t a b l e t o eigenmodes in t h i s r e g a r d . 
Conclusions 

Though t h e r e are i n some cases l a r g e excurs ions of the coupling 
r e s i s t a n c e , the e x c e l l e n t ICRH hea t ing r e s u l t s obta ined with the new 
antennas i n s t a l l e d i n 1987 a re important evidence t h a t the ex i s t ence of 
eigenmodes does not cause problems in the physics of ICRH hea t ing a t 
t h e s e high t empera tu res , and t h a t t e chn ica l problems which eigenmodes 
might cause through l a r g e v a r i a t i o n s of the coupl ing r e s i s t a n c e a r e 
reduced at high t empera tu res . The data presen ted i s a l l for hydrogen 
minor i ty spec ie s hea t i ng ; He3 minor i ty spec ie s hea t ing gives a more 
complicated se t of coupling r e s i s t a n c e peaks which we have not modelled. 

We acknowledge with pleasure the c o n t r i b u t i o n s of the JET RF 
Div i s ion t e chn ica l teams and the JET opera t ing teams. 
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STUDY OF ICRF DRIVEN FUSION REACTIVITY 

G.A.Cottrell. G.Sadler, P.van Belle, D.J.Campbell, J.G.Cordey, W.Core, T.Hellsten, 
J.Jacquinot, S.Kissel, D.F.H.Start, P.R.Thomas and J.Wesson 

JET Joint Undertaking 
Abingdon, Oxfordshire, 0X14 3EA, England 

1. INTRODUCTION AND EXPERIMENTS 
A series of experiments is currently in progress on JET to study and optimise 

ICRF—driven fusion reactions between the highly energetic 3He minority ions and the 
thermal deuterons during central high power RF heating at ω=ω (3He). The reaction 
rate in the tail was monitored by measuring the flux of 16.6 MeV 7—ray photons from 
the D[ 3He,7] 5Li reaction3'7. With a coupled RF power to the plasma of 11.5 MW, the 
fusion yield so far achieved (in charged particle fusion products) is Pfus= 50 kW, 
giving a Q—value of ϊ 0.5%, the highest achieved so far in a tokamak. Because of the 
strong non—linear variation of reactivity with RF power density, it has been possible to 
derive the effective RF power deposition radius in the plasma by data fitting. The 
value derived, r, = 0.3 m, is close to that obtained from RF modulation experiments 
as well as predictions by a full wave code. 

Up to 11.5 MW of ICRH power was coupled to the plasma in the (3He)D 
regime with plasma current: 1 = 2 MA5 MA, toroidal field: Βφ=3.4 Τ, electron 
density: ñ =(24) χ 1019m"3, minority concentration: (1.6% < η {= n(3He)/ne} < 
8.0% ), and fi = (3235) MHz giving central heating with the resonance located 
within 0.1 m of the magnetic axis. The 3He was injected into the target D discharge at 
t = 1 sec before the application of the 3—5 second RF heating pulse. In discharges with 
Prf > 5 MW, long duration sawtooth—free periods (rst < 3 s) were routinely obtained . 
In other cases, normal sawtoothing behaviour was observed. The D[ 3He,7] 5Li 
(16.6 MeV) reaction cross—section is ^ IO5 of that of the charged particle fusion 

Figure 1. 
Typical η—ray energy 

spectrum observed during ICRH 
heating in the {%He)D regime. 
Plasma parameters: 1 = 2 MA, 
£ψ = S.4T, ñ=2.5* V 9 m"3, 
Prf=9.8MW?r¡=2%, Zeí=2. The 
16.6 MeV η—yield is equivalent 
to 30 kW of fusion power in this 
case. 
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crosssection in the range 0—1 MeV. The 16.6 MeV 7flux was measured using 
calibrated Nal and BGO scintillation detectors3. A typical Tnray energy spectrum with 
RF heating is shown in Figure 1. The shape of the spectrum at Εγ> 10 MeV is caused 
by the natural line width (1.5 MeV), the instrumental resolution, and the existence of 
a second line at E~ = 13.5 MeV3. Below 10 MeV, the 7ray emission originates from 
3He> C reactions7. The variation of 7ray count rate with RF power is shown in 
Figure 2 for a number of discharges. Within the present range of JET parameters, the 
7yield varies as N~ a Prf/

3, implying that Qrfa P r f '
3 · 

Figure 2. 
Variation of ηray count 

rate from D**He reactions in 
the energy range (1220) MeV 
with RF power for a number of 
discharges. Plasma parameters: 
I =(24) MÂ, Bţ=(S.23.4) T, 
η=(2—4)%. The highest count 
rate observed corresponds to 
50 kW of fusion power. 

0 10 
RF Power (MW) 

30 

2. THE MODEL AND METHOD OF ANALYSIS 
The ICRHdriven minority tail was simulated using the steadystate, isotropic 

Stix formulation4. The minority velocity distribution function, f(v), was calculated up 
to a maximum energy of 10 MeV (= mv ¡2), beyond which orbit losses are expected to 
be important for the present range of plasma current in in JET and contributions to 
the reaction rate are in any case small. The local 3He—D reaction rate was then 
calculated; 

R(3HeD) = 47m. ƒ J» ν dv f(v) σ(υ) 
d

J 0 

where σ(ν) was taken as the Asher—Peres nuclear cross-section , and nd is the 
deuterium density. The plasma model contained an admixture of three ionic species, D, 
3He, and an impurity assumed to be carbon with concentrations of the ion species 
adjusted initially to equate the model Zeff with the experimental value (derived from 
measurements of the visible bremmstrahlung). 

In applying the model to the experimental data, there were two main 
uncertainties. Firstly, there was no direct measurement of the absolute density of the 
minority ions. Therefore, in the present analysis, it was assumed that the the helium 
inventory (measured using the observed density increase at the time that helium was 
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injected into the discharge) was subsequently conserved and, moreover, was 
everywhere proportional to the plasma electron density. Secondly, there was no direct 
measurement of the RF power density. However it was possible to use the present 
^ ray data to obtain an independent estimate of this quantity. The model was 
calibrated by assuming that a fraction, μ, of the total RF power coupled to the plasma 
was coupled to the minority ions within some plasma deposition volume, V,. The 
remaining fraction (Ι—μ) was attributed to possible mode conversion, ion cyclotron and 
Landau damping and transittime magnetic pumping. Analysis of the results of RF 
modulation1, fast ion energy content with ICRF heating6 as well as the results of full 
wave ICRF predictions, suggest that μ ζ 0.75, a value which we use. The effective 
volume averaged electron temperature used in the model was 0.67 of the central value, 
a factor needed to bring measurements and predictions of the of the fast ion energy 
content in ICRF heated discharges into agreement . 

Figure 3. 
Calculated ICRF—driven fusion 

reactivity shown as a function 
ofRF power density for the typical 
JET parameters: ñ = 3 χ Iff m' , 
volume—averaged temperatures 
<Te> = < Ti> = 4.5 keV, η= 4% and 
Ζ = 2. 

eff 

RF Power density (MW m ) 

A plot of the calculated local fusion reactivity as a function of RF power density 
is shown in Figure 3 for a typical set of JET parameters. The curve shows a 
characteristically steep rise in reactivity for RF power densities up to a threshold of 
approximately 1 MW m , and thereafter a saturation. This behaviour is a consequence 
of the quasi—Maxwellian tail folded with the fusion cross—section which increases 
strongly with energy up to a maximum (at E ^ 0.5 MeV) and thereafter decreases. The 
integrated reactivity can also be seen to decrease at the highest RF power densities 
where too large a fraction of 3He ions now appears in the far tail (E > 0.5 MeV). 
Because the JET ^ray data spans a considerable range in RF power density, it was 
possible to calibrate the model (assuming V, to be independent of RF power) using the 
measured relative fusion reactivities for a number of discharges with different RF 
powers. This makes use, in effect, of the strong variation and saturation shown in 
Figure 3. By minimising x% with respect to the unknown deposition volume, a value 
V, = 6 m was obtained, equivalent to an effective deposition radius of r. = 0.3 m. 
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This value is consistent with the <Te> taken in the fast ion energy analysis and is 
close to that obtained from analyses of RF modulation experiments. It was adopted in 
the model to compare measured and predicted values of the fusion power shown in 
Figure 4, where the code was run for the individual plasma parameters relevant to each 
discharge. It can be seen that reasonably good agreement was obtained between the 
experiments and the modelled fusion yields. 

60 
Figure 4-

Comparison of measured and 
calculated ICRF-driven fusion yields 
from (3He)D nuclear reactions. The 
calculated yields are based on the 
isotropic Stix model as described in 
the text with plasma parameters 
relevant to each separate discharge 
in the diagram. 
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3. CONCLUSIONS 
In experiments currently under way on JET to study the 3He-> D ICRF-driven 

fusion reactivity, an effective Qrf 2 0.5% has been achieved with the application of 
11.5 MW of ICRH heating power to the plasma. The variation of Qrf during 
systematic scans of plasma parameters has enabled the calibration of a simple Stix 
model and will be useful in the future to validate more comprehensive codes in the 
prediction of non—thermal fusion yields based, for example, on fundamental heating of 
deuterium in tritium. 
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RESONANT ION DIFFUSION IN ICRF HEATED TOKAMAK PLASMAS 

T. Hellsten and W. Core 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK. 

1. Introduction. Wave induced particle transport occurs during ICRH of 
the resonating ion species due to absorption of the waves toroidal angular 
momentum [1,2j. For an asymmetric toroidal wave spectrum in which there is 
a direct input of wave toroidal angular momentum to the plasma, the 
resonating ions will undergo a radial drift across the magnetic flux 
surfaces. The direction of the radial drift will depend on the toroidal 
direction of the wave. For a symmetric spectrum the drift vanishes and 
only a diffusion term remains. 

The diffusion increases with energy. In large tokamak plasmas with 
intense ICRF heating ions are heated up to the MeV range for which 
RF-diffusion becomes important. 

The simultaneous diffusion in real and velocity space caused by the 
RF-field can lead to a pump out of particles from regions with high power 
densities, flattening of the heating profile and reduction of the average 
energy of the resonating ions. Further, space charges set up by the radial 
diffusion leads to a toroidal rotation of the plasma. 

The diffusion problem has been studied by reducing it to a 2-D, time 
dependent diffusion equation, 1-D in velocity and 1-D in real space, which 
is solved by a modified version of the BACCHUS code [3]. 

2. The Reduced Diffusion Equation. As an ion resonates with the wave at 
the cyclotron resonance it will change its perpendicular and parallel 
velocity. An increase in the perpendicular velocity can lead to a 
transition from a passing orbit to a trapped orbit. For trapped particles 
the orbit width is increased. When the parallel velocity is changed for a 
trapped particle this leads to a radial displacement of the turning point 
in a direction depending on the sign of the parallel wave number [2]. To 
measure the particle transport in real space we represent the trapped 
particles by the minor radius of their turning points and passing particles 
by the minor radius where their drift orbit intersects the cyclotron 
resonance. We assume the wave spectrum to be symmetric so that the drift 
term vanishes. A diffusion equation in real and velocity space can then be 
obtained by adding the corresponding diffusion term in the quasi-linear 
RF-diffusion equation [4] yielding 

i£ = C(f) + Q(f) + D(f) (1) 
St 
D -1-J. (DRF r II) r 3r ' R F 3r 
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J vi .η.
 + , <(öv_J

2
> 

DRp={ (_!¿ aJ for trapped particles 
ω o) c i R 0 x b 
0 for passing particles 

where C and Q are the quasilinear diffusion operators describing 
thermalisation due to Coulomb collisions and ion cyclotron heating, 
respectively. The perpendicular velocity at the cyclotron resonance is 
denoted by vx, n, is the toroidal mode number, m the poloidal mode number, 
q the safety factor, R the major radius, r the minor radius, ω the wave 

the bounce time for trapped 
'as the ion passes the 

cyclotron resonance. To obtain Eq.(1) we have assumed the cyclotron 
resonance to pass through the magnetic axis and that the poloidal 
crosssection of the magnetic surfaces are concentric circles. This time 
dependent, 3_

D diffusion problem is rather difficult to solve. We wish 
therefore to reduce it further by integrating it over the pitch angle in 
the velocity space. To do so, we have to make an assumption of the 
anisotropy of the velocity distribution. By using various assumptions for 
the distribution function we can get upper and lower limits for the 
diffusion. A lower limit is obtained by assuming the distribution to be 
isotropic yielding a pitch angle averaged diffusion coefficient 

frequency, u c i the cyclotron frequency, τ·0 the 
particles ana ôvj. the averaged increase in v¿" 

,<m.v.
2 2? M r ,vi

k
i. Ε ,

2 ,νζ'Κχ,. 
B 0 m^i <Jci E+i uQi 

κ ·= c(n + m/qJ/ZecjR (2) 
where η is the ratio of the trapped particle intersecting the cyclotron 
resonance to the total number of particles, ζ is a characteristic pitch 
angle for trapped particles intersecting the cyclotron resonance, kj_ tne 
perpendicular wave number, P^ the local power density for a Maxwellian 
velocity distribution in the absence of higher order finite gyroradius 
correction. 

For intense ICRH the particles tend to become more trapped and the 
isotropic model will underestimate the number of trapped particles. An 
upper estimate of the diffusion can be obtained by assuming all particles 
to be trapped having orbits intersecting the cyclotron resonance which 
yields 

,<m.v * 2PM r ,vk_L, E_
 2 ,νΚι,

3 0 mini u c i E + ω ο ί 

A third more realistic model can be obtained by assuming the low energy 
ions to be isotropic and the high energy ions to be trapped ions. We 
assume the transition between these models to take place at the velocity Vv 
[̂ ,5J above which the pitch angle scattering becomes negligible. The 
following model for the diffusion coefficient can then be constructed 

D3 = g(v) D2 (4) 
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g(v) = (1 - 3v2J(1 - a) + a 
-2 _ Ί + (ν/ν.*)

2 

3(1
 + (ν/ν*)2 + (ν/ν*)1* 

r*2 = 0.25 V^ 

The form of ν2 has been chosen such that <v2t> = <v2v2> where <ν,2> is the 
averaged parallel velocity squared calculated with the BAFIC code [6J. 

3. Numerical Results. The effect of RF-induced diffusion on the velocity 
distribution models were calculated for the following scenario with these 
models: minority heating of Η in a D-plasma at the fundamental cyclotron 
resonance ny(0) =3.5χ101'cm-3, ηρ=3·5χ10'3cm-3, m(r)=n(0) exp(-0.5 r2 ), 
T(r)=TQ exp(-1.75 r), TQ=10 keV, f=33 MHz and q(r)=const=1. The wave 
field is determined such that a Maxwellian velocity distribution should 
have in the zero gyroradius limit given rise to a flux surface averaged 
power density profile P(r) = PQ exp (- 20 r2

). For a large central power 
density and a long slowing down time the ions will near the centre diffuse 
to high energies. The high energy ions will then diffuse away from the 
centre to regions with lower wave fields and cool down there. They will 
then diffuse back again but now with a lower rate since their energy is 
reduced. This leads to a pump out of resonating ions from the central 
region. Fig.1 shows the evolution of the resonating ions on the magnetic 
axis for the various models. Fig.2 shows how the density profile evolves 
in time as calculated with model 3· Fig.3 shows the density profile at t = 
1.5s for the various models. In the absence of neoclassical diffusion the 
density profile does not reach a steady state. On the long time scale the 
neoclassic diffusion have to be included which will reduce the density 
depletion. However, the velocity distribution normalized locally in space 
reach a steady state after about a slowing down time (1s). Fig.4 shows the 
averaged velocity squared for the various models compared to that in the 
absence of spatial diffusion, normalized to the velocity at r=0 before 
heating. 

Acknowledgement. The authors are grateful to Drs. K. Appert, S. Succi and 
J. Vaclavik for providing the BACCHUS code which has been modified to solve 
the diffusion equations. 
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INTRODUCTION 
The plasma electron parameters on JET are measured by three independent 

diagnostics: LIDAR—Thomson scattering (T e and ne), electron cyclotron emission (Te) 
and FIR interferometry (ne). Up to the present, data from these three diagnostics have 
in the main been treated independently. However, by combining the measurements in a 
systematic way, it is possible to obtain ne(R) and Te(R) with improved precision and 
reliability. In addition, some new diagnostic possibilities arise. 

In this paper, the results of a systematic comparison of the diagnostics over an 
approximately six month period are presented. The benefits of this comparison are 
discussed. 

MEASUREMENT SYSTEMS 
The combination of LIDAR (Light Detection and Ranging) and Thomson 

scattering techniques yields a new method for obtaining T e and n e spatial profiles on 
large plasma devices, and has been applied for the first time at JET [1]. The system 
time resolves the spectrum backscattered from a short (300 ps) ruby laser pulse which 
is directed across the equatorial diameter of the plasma. By using the time of flight 
principle, it measures the profiles with a resolution of a 12 cm (fixed by the pulse 
duration and the detection bandwidth, 700 MHz) at 2 s intervals throughout the 
lifetime of the discharge. The uncertainty in the LIDAR measurements is 
predominantly statistical and results in an uncertainty in T e of« 5%. The shape of the 
density profile measured with the LIDAR system is known to an accuracy of « 5%, 
whereas the absolute level of the density is subject to a systematic calibration 
uncertainty of« 30%. 

The principles by which electron temperature is determined from electron 
cyclotron emission (ECE) measurements are well known [2]. The electron temperature 
is measured 'as a function of radiation frequency, and a frequency to space 
transformation is carried out using the measured toroidal magnetic field with a 
correction applied for the internal fields. The principal ECE system on JET is a 
Michelson interferometer which views the plasma along a sightline parallel to the 
major radius, 0.13 m below the plasma mid—plane. This instrument has a spatial 
resolution (both along and perpendicular to the line of sight) of 0.15 m and a temporal 
resolution of 15 ms. Other ECE instruments provide T e measurements with space and 
time resolutions of 0.02 m and 10 /¿s respectively. Systematic errors dominate the ECE 
measurements and lead to « 10% absolute uncertainty in Te . 
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The JET faMnfrared interferometer [3] measures the lineintegrated electron 
density along a number of chords through the plasma using the 195 μπι radiation from 
a DCN laser. In the measurements reported here, data from the six vertical chords has 
been used. The time resolution of the instrument, » 100 μβ, is determined by the fringe 
modulation frequency (100 kHz) and the lineintegrated density resolution, 
a 5 * 1017 m—2, is set by the minimum detectable phase shift (« .05 fringe). The 
density distribution must be inferred by a generalized Abel inversion of the chordal 
data, and this can lead to uncertainties in local values of density of up to « 10%. 

Figure 1 shows the poloidal cross—section of JET, with the viewing directions of 
the three diagnostics. 
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Figure 1: Schematic showing the 
viewing directions of the three 
diagnostics in the JET poloidal 
cross—section. The fine lines are the six 
vertical interferometer channels, the 
thick line is the LIDAR sightline, and 
the hatched zone :the region of ECE 
measurements. 
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DENSITY COMPARISONS 
Direct comparisons of individual measurements have been carried out for a wide 

range of plasma conditions. Figure 2 shows interferometer and LIDAR results for 
widely varying profile shapes. 

The LIDAR measurement of ne(R) is essentially localized. On the other hand, 
the Abel inversion of the interferometer data must assume that the density is constant 
on the magnetic flux surfaces. The good agreement obtained confirms the validity of 
the assumptions in the Abel inversion, notably that the flux surfaces correspond to 
contours of constant density. Moreover, the detail observed when higher order 
polynomials are used in the inversion routine is shown by these comparisons to be real. 

The shape of the density profile measured with the LIDAR is known to an 
accuracy » 5% whereas the absolute level is subject to systematic calibration 
uncertainty « 30%. By normalizing the line integral calculated from the LIDAR profile 
to that measured directly by the interferometer, it is possible to improve significantly 
the absolute level of LIDAR density profiles. A systematic comparison of the ratios of 
the line integrals (without normalization of the LIDAR) over a period of « 6 months, 
figure 3, shows a small decrease in the LIDAR values compared to the interferometer. 
This may be due to a carbon deposit on the vacuum windows. 
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Events which produce rapid density changes, such as pellet injection, can cause 
errors in the interferometer's fringe counters. With multiple pellet injection, it is not 
possible to reconstruct the density evolution using only the interferometer data and 
working back from the decay at the end of the discharge. However, recovery of the full 
time evolution is frequently possible by comparing the interferometer and LIDAR 
data. 

2 . 0 3 . 0 4 . 0 2 . 0 3 . 0 4 . 0 2 . 0 3 . 0 4 .0 m e t e r 

Figure 2: Density profiles of widely varying shapes measured by the 
interferometer and LIDAR. The LIDAR profile has been normalized to the 
interferometer data independently for each case. 
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TEMPERATURE COMPARISONS 
Both the ECE and LIDAR provide localized temperature measurements, with 

similar spatial resolution. However, since the nature of the errors is quite different for 
the two diagnostics, a detailed comparison of data averaged over many JET pulses 
should allow the systematic uncertainties in the ECE temperatures to be evaluated, 
and the full time resolution of the ECE instruments to be exploited. Comparison of the 
measurements made by the two systems over a wide temperature range (for example, 
figure 4) show generally good linearity, but with a consistent difference in absolute 
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level of 10 to 20%. The source of this difference is being investigated. If it is a 
systematic error in the ECE spectral calibration, this can be removed by normalization 
against the LIDAR. The apparent shift between the two high temperature profiles of 
figure 5 suggests an error in the calculation of the plasma internal magnetic fields 
under these conditions. A systematic study is in progress to see if the ECE/LIDAR 
comparisons can be used to derive the local magnetic field in the plasma. 
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Figure 4: Comparison of T e 
measured by LIDAR and ECE on a 
series of pulses with strong 
additional heating. The ECE values 
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Figure 5: Comparison of LIDAR and 
ECE profiles at low T e and high T e 
(additional heating) on the same 
plasma pulse. 

SUMMARY 
The comparisons which have been made show that considerable benefit can be 

expected from integration of data from the three diagnostic systems. These benefits fall 
into three categories: 
(i) Reduction of systematic errors. In each comparison, one diagnostic suffers more 

from systematic errors than the other (LIDAR measurements of ne, ECE T e 
measurements), (ii) Detection (and possibly correction) of measurements perturbed by 
adverse plasma conditions, (iii) New measurement possibilities. Comparisons between 
ECE and LIDAR may provide information about the accuracy of calculations of the 
plasma internal magnetic fields. 

The pellet shot reported in this paper was obtained using a multi—pellet injector 
provided by ORNL under a JET-USDOE Agreement. 
[1] H Salzmann et al, Nuclear Fusion, 27, 1925 (1987) 
¡2] A E Costley et al, Proc. of EC-4 The 4th Intl. Workshop on ECE and ECRH 

(Rome, March 1984) 
[3] D Veron, in Workshop on Diagnostics for Fusion Reactor Conditions 

Varenna 1982, EUR 8351-11 EN, Page 283 (Permagon, 1983). 
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Ion Cyclotron Emission Measurements On JET 

P. Schild(a) and G.A. Cottrell 

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, United Kingdom 

(a) Permanent addì ess : Lab. Phys. des Plasmas , Grenoble University, France 

Introduction 

A JET ICRH antenna has been used in reception mode to monitor the time and 
frequencyresolved ion cyclotron emission (ICE) from deuterium 6 MA ohmically heated 
plasmas with antenna configuration in dipole phasing. The ICE spectrum is compared with a 
computed thermal spectrum for harmonics from 1 to 5 . It shows the characteristic harmonically 
related superthermal peaks 1 2 . These observations reveal that the superthermal emission is 
modulated in time and is correlated with inverted sawteeth and with the Ηar signal located 
near the plasma edge. 

ICE Spectrum 

The antenna was used to monitor the ICE from 10 MHz to 100 MHz. The signal is detected 
using a spectrum analyser, which provides about six spectra per pulse. Previous experiments2·4, 
made with the same équipement, suggest that the ion temperature could possibly be measured 
by analogy with the technique of electron cyclotron emission (ECE). However, the 
superthermal emission for deuterium ohmic cases masks the thermal emission, and is 
influenced by the fusion products of the DD reactions 3 . 

To study the effects of these superthermal ions on the spectrum, we need to calculate the 
thermal level. To compute this, we have used a code based on Black Body radiation3. In this 
frequency range and ion temperature level ( typically T¡ ~ 2 KeV for ohmic pulses), we have 
hv/kT « 1 , and can take the RayleighJeans law to get the thermal intensity. To take into 

account that the waves, before being received by the antenna, may make many reflections 
within the vacuum vessel, (in the optically thin limit), we include a slab model for these in the 
code. We use the formula : 

x ; " > ~> 

8;rV 
Ι{ω,Ί}) = ^h_kTt ■ ( 1  β~τ ) (1) 

where Ν is the refractive index of the medium, defined by Ν ~ ω ¡/coci, and the subscript i 
stands for the ion majority species, and t i s the total optical depth for the plasma at frequency 
ω/2π. We calculate τ from the dielectric tensor for a cold plasma , including a small perturbation 
to take into account that the plasma is warm8 . We also include the effects of finite larmor radius 
and non relativistics particles. Having solved the dispersion relation, we may use previous 
results67 from ECE theory and calculate the optical depth. We also assume the ion 
temperature profile and the ion density profile to be parabolic. We then compute the thermal 
emission from the first to the fifth ion cyclotron harmonic for the ion majority species. We do 
not compute for harmonics greater than five, because these fall outside of our frequency range. 

We calibrate the ICE signal by taking into account the coupling resistance of the antenna 
over our frequency range. This gives us a function with which we obtain the ICE power in front 
of the antenna 

TOPIC: H Diagnostics 
RESPONSIBLE AUTHOR: P. Schild 
ADDRESS: JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K. 
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We now compare this calculated Black Body emission with a ICE spectrum from a 6 MA 
discharge with deuterium majority (figure 1). 

Fig. 1 : Comparison between the ICE 
spectrum and the computed thermal 
emission (B0  2.18 Τ ) . The hached 
region represents the thermal emission. 

30 50 70 
Frequency (MHz) 

90 

It can be seen that the computed spectrum explains some of the underlying features of the 
experimental spectrum. However, below a frequency around 40 MHz, the thermal emission is 
not the main source of the emission. This is due to the weak absorption of the fundamental of 
deuterium ω = ÎOCD below 21 MHz. It can also be seen that our computation reproduces the 
ICE spectrum in the range 4()5() MHz, suggesting that the thermal spectrum of the bulk ions is 
visible in this interval. 

We know that the observed peaks are linked with the presence of fusion products of DD 
reactions2 ; T. 'He, H + . The peaks A to F on figure 2 can be related to the cyclotron harmonics 

Fig. 2 : The peaks A to F are harmonics 
of T,3He,H+ for a magnetic field of 2.1 
Tesla. The ICE spectrum is smoothed by a 
gaussian to improve the signaltonoise 
ratio. 

10 20 30 40 50 60 70 80 90 100 
Frequency (MHz) 

of the three particles. These are linked respectively by the following relations: peaks A to F are 
the cyclotron harmonics 2 to 7 of T; peaks A, C, E are the cyclotron harmonics 1 to 3 of 3He; 
peaks Β and E are the cyclotron harmonics 1 and 2 of H+. In order to obtain the 
correspondence between them, we take the value 2.1 Tesla for the magnetic field. This means 
that the emission which produces the peaks is near the plasma edge. The last observation 
provides support to the interpretation" that the superthermal ICE is generated by fusion 
products near the pickup antenna. 
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Time Resolved Measurements. 

We have observed the timeresolved emission of peak D with a sampling rate of 1 kHz. When 
the 6 MA current flat top is reached, inverted sawteeth are observed on the ICE emission. 
Comparison with a soft XRay signal from the plasma edge (figure 3) shows a good correlation 
between the two, which indicates it originates near the edge. We also compare the ICE signal 
with an Ηar signal. It is also well correlated (figure 4). The ICE signal can be to delayed with 
respect to the soft XRay signal. The q = 1 surface is at radius R = 3.7 m. So the ICE signal 
originates outside this surface. As the Ηtv emission originates from a region close to the 
limiter, the correlation with the ICE signal indicates further that the ICE emission is coming 
from the plasma edge. This localisation of the emission clearly must be taken into account in 
future models of the ICE spectrum. 

Fig. 3 : Timeresolved soft XRay 
(R ~ 3.7 m) and ICE signals are com
pared, during the current flat top. 

Fig. 4 : Timeresolved Ha signal are 
compared with ICE, during the current 
flat top. 
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Discussion and Conclusion. 
Comparison between the ICE and the computed thermal emission spectrum reveals where 

the superthermal component of the emission is dominant. The nonthermal emission peaks can 
be interpretated in terms of the ion cyclotron harmonics of fusion products of the D-D reaction. 
It is possible to match the observed and calculated ICE harmonics peaks if the field is taken to 
be that value near the boundary (R — 4.2 m) of the plasma, suggesting that the origin of the 
emission is near the plasma edge. Taking the time-resolved emission of one of these peaks, we 
find the ICE signal shows inverted sawteeth. These two observations give support to the 
interpretation that the superthermal emission originates from the plasma edge, near the pickup 
antenna. 

The coincidence of the inverted sawteeth of ICE and Η-a signals in time gives strong support 
to the interpretation of the ICE as originating from the outside part of the plasma, in the near 
field region of the ICRH antenna. It is possible that deeply trapped fusion products, born in the 
central part of the discharge, can make large orbit excursion in the outer part of the plasma. 
These particles may suffer collective velocity-space instabilities which can drive unstable waves 
in this region. 
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I N V E S T I G A T I O N O F S L O W I N G - D O W N A N D THERMALIZED A L P H A P A R T I C L E S BY 

CHARGE EXCHANCE RECOMBINATION SPECTROSCOPY - A FEASTIBILITY STUDY 

Manfred von Hellermarin, Hugh Summers, Alain Boileau *) 

JET Joint Undertaking, Abingdon UK 
*)INRS Energie, Varennes, Canada 

Motivated by the expectation of achieving significant alpha particle 
production in the approaching fusion conditions of JET, JT60 and TFTR 
tokamaks, a range of alpha particle diagnostics have been under study in 
recent years [1]. One class is based on exploiting the charge exchange 
reaction through use of appropriate diagnostic or heating,neutral beams. 
Single charge transfer with the associated excitation of recombination 
radiation can be used as a spectroscopic method for the measurement of 
alpha particle density and velocity distribution function. The charge 
capture and subsequent cascading and redistribution gives emission in 
the Hell n=4-3 (4686 A) line which can be transferred either by quartz 
fibres or by a mirror relay system to remote spectroscopic equipment 
beyond the biological shield. 

For significant charge exchange the relative velocity of alpha particle 
and of injected neutral ( hydrogen or deuterium) must be within a band 
of approximately 100 keV/amu which is defined by the fall of the 
effective charge exchange rate at higher relative velocities. 

Visible charge exchange recombination spectroscopy of thermal ionized 
plasma particles, including helium, using the neutral heating beams is 
well established on JET [2], The study presented here investigates the 
scope of information which may be achieved using the existing heating 
beam capability with upgrading to E. =140 keV at 0.7MWatt per beam on 
slowing-down alpha particles witnenergies kT. < E , , < 3.5 MéV. 
Clearly the study must also be concerned with the CXRS spectral features 
associated with the background thermal helium at relatively, higher ion 
temperatures than achieved at present and the merging of the cooling and 
thermal helium velocity distribution function. 

For future JET operation with input powers up to 40 Mwatts of Ohmic and 
auxiliary heating it is expected to achieve, in particular during hot-
ion modes [3] with low to moderate electron densities , alpha particle 
power levels of approximately 5 MWatts. For slowing down times in the 
order of 1 to 2 sec and an assumed main alpha particle production within 
a volume of roughly 50 m_ we may expecţ_alpha particle densities in the 
plasma centre between 10 m and 10 m . 

For the geometry of the JET heating beams and the CXRS multichord 
viewing line system ( cf. [4]) we can calculate from a known energy 
dependence of the effective excitation rate ( Fig.l) and a slowing-down 
velocity distribution function (Fig.2) the expected recombination 
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spectra. An example of a theoretical spectrum consisting of the 
superposition of the contributions of thermalized and slowing-down alpha 
particles as well as the continuum background radiation is shown in 
Fig.3. The absolute photon fluxes are based on the extrapolated neutral 
beam data and an attenuation code used for the present low-Z impurity 
density calculations [2]. The spectrum representing the slowing-down 
alphas covers a spectral width in the order of 150A. The shape and 
Doppler shift depend on slowing-down parameters as well as the 
observation geometry and neutral beam energy. 

The detection limit of the highest alpha particle energies contributing 
to the observed spectrum is demonstrated in a semilogarithmic plot 
(Fig. 3b) where the continuum level and its associated noise level 
correspond to the actual observed levels of the current CXRS system. In 
order to discriminate the broad low-level slowing-down spectrum from the 
background continuum level two alternatives are being considered. One 
is active beam modulation and the other is the use of an additional 
passive viewing line which does not intersect the beams. The latter 
provides a simultaneously measured background spectrum. 
Fig.4 shows an example of 2 actual JET spectra gained during NB 
injection in a deuterium plasma with a He minority (2 to 5% of the 
electron density) typical for RF plasma heating. In this example the NB 
pulse was applied 2 sec after the RF pulse. Both viewing lines are fed 
into the multi-chord CXRS system enabling a subtraction of two spectra 
using one spectrometer and one 2-dim detection system. The residual of 
the subtraction is the CX Doppler broadened spectrum ( representing in 
this example the plasma centre ion temperature of 4.3 keV) and the rms 
noise level of the continuum. A remaining small cold constituent, 
presenting approximately 10% of the total intensity, is supposed to be 
due to a non perfect toroidal symmetry in plasma boundary emmission. 

Conclusion 

A measurement of an alpha particle density radial profile in the 
quoted density range appears to be feasible. The reconstruction of a 
velocity distribution function in the energy range below 0.5 MeV in 
the plasma centre should be possible using either a passive viewing 
line for a simulataneous background subtraction or alternatively an 
active beam modulation technique. In the forthcoming JET operation 
period with combined NB and ICRH heating the high energy tails of 
helium minority velocity distribution function will be investigated. 

[1] Workshop on Alpha Particle Diagostics, JET 1986, TFTR 1987 
[2] A.Boileau et al. ,JET Report JET-P(87)44 
[3] G.F. Cordey et al. ,JET Report JET-P(86)38 
[4] see S.Corti et al, this conference 
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STUDIES OF ENERGY TRANSPORT. IN JET HMODES 

M Keilhacker, Β Balet, J Cordey, Ν Gottardi, D Muir, Κ Thomsen, M Watkins 

JET Joint Undertaking, Abingdon, Oxon, UK, 0X14 3EA 

1. INTRODUCTION 
The Ηmode discharges in JET separatrix configurations with a single 

null Xpoint have the best confinement properties [1,2]. However, even 
these discharges exhibit a decrease of the global confinement time with 
increasing neutral beam injection power. Part of this degradation with 
power can be attributed to increased impurity radiation and poor beam pene
tration at the higher densities concomitant with improved particle 
confinement and the higher power levels. In addition, these discharges are 
not in steadystate, since the density increases steadily with time until 
impurity radiation precipitates a transition back to an Lmode. 

In the present paper, the local heat transport properties in the 
interior of ohmic, L .and Ηphases of 2MA discharges are determined 
(Section 2) using both the timedependent energy balance code, TRANSP [3], 
and the timeslice code, QFLUX [2]. In addition, the global confinement 
properties of higher current discharges (<3.8MA) are analysed in Section 3· 

2. LOCAL TRANSPORT ANALYSES 
The input data to TRANSP and QFLUX comprises the magnetic flux surface 

geometry, temporal variation of the electron density profile (FIR inter
ferometer), electron temperature profile (ECE), central ion temperature 
(Xray crystal spectrometer measurement of Ni27+

, neutron yield and NPA 
data), radiated power profile (bolometer), the plasma current, loop 
voltage, Ζ ff (visible bremsstrahlung) and edge particle confinement time 
(H monitors). Neutral beam heating is calculated by Monte Carlo methods 
in TRANSP and using the PENCIL code in QFLUX. 

The ion temperature profile is not available routinely. It is 
calculated.in TRANSP by assuming an ion thermal diffusivity either (a) of 
the neoclassical form enhanced by a factor adjusted continuously in time 
so asto regulate the central ion temperature at the measured value, or (b) 
proportional to the electron thermal diffusivity. Both prescriptions give 
good agreement with the measured diamagnetic stored total energy and 
reasonable agreement with the neutron yield; the ion temperature profiles 
using (b) are nearer to the NPA profile data. The ion temperature in QFLUX 
is assumed to have the same profile as the electron temperature, but 
normalised to the measured central ion temperature. Electron and ion 
contributions to the heat flow (which depend on the ion temperature profile 
through energy equipartition) are not separated and results are presented 
for the total heat flux, Q, across a flux surface of area, S, in terms of 
n
e
VkT

e
S
·
 A n eff

ective total heat diffusivity, χ = Q/neVkTeS, is defined. 
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5 
2 

TRANSP Results: For JET pulse #10755 (2MA,· 2.1T, ΡΝβΙ á 9MW) the temporal 
variation of Q with neVkTeS at three radial positions in the plasma 
interior (normalised radius, * 
ρ - 0.5, 0.75, 0.9) is shown 
in Figure 1 (at times avoiding 
the collapse of a sawtooth) 
through the ohmic, L- and H-
phases. The temporal variation 
of χ (at all times) at the three 
radial positions is shown in 
Figure 2(a). At the start of the 
L-mode χ is well above its ohmic 
value but decreases subsequently 
to a level close to its ohmic 
value prior to the transition to 
the Η-mode. χ is maintained 
close to this level during the H-
phase. The spatial profiles of χ 
at selected times throughout the 
discharge are shown in Fig 2(b). 

-neVkTeS(MJm
2
) 

TRANSP and QFLUX r e su l t s for the Fig 1 
tempo 
at various r ad i i in JET pulse #10755 
temporal var ia t ion of Q with neVkTeS 

) ■ > > / / / / / / / . 
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Fig 2:TRANSP results for (a) the temporal variation and (b) the spatial 
profiles of the total heat diffusivity, χ, for JET pulse #10755. Arrows 
in (a) indicate the times of the spatial profiles in (b). 

QFLUX Results: For the same JET pulse, QFLUX results at a normalised 
radius, ρ - 0.5, and a limited number of time points show reasonable, 
agreement with the results of TRANSP (Figure 1). Figure 3 shows an 
accumulation of data from a number of discharges at 2MA and 2.1 Τ at the 
normalised radius, ρ - 0.5. In Figure 3(a), the data is distinguished 
according to the phase of the discharge, with χ decreasing continuously 
from the L- to Η-phase. In Figure 3(b) the results are distinguished with 
respect to density and indicate that the transition from the L- to H-phase 
is concomitant with the increase in density that is observed. At constant 
density, χ increases with power, while at constant power, χ is reduced with 
increasing density. This result substantiates earlier indications [2]. 
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Fig 3:QFLUX results for data accumulated at several times during a number 
of pulses distinguished according to (a) discharge phase and (b) density. 

3. GLOBAL ENERGY CONFINEMENT 
The local transport analyses 

discussed in Section 2 were carried 
out for 2MA Ηmode discharges since 
most of the Ηmodes obtained in 1986 
were at this current. Since then a 
larger number of Ηmode discharges 
with currents in the range 3 to 4MA 
have been obtained. 

Figure 4 shows the global energy 
confinement time ig = W/(Ptoi_$) as 
a function of the total net input 
power (Pfc tft) for Ηmode, discharges 
with currents of 3MA and above. W 
is the diamagnetic measurement of 
the stored energy. Most of the data 
arise from one specific day of 
operation .in February 1988 on which 
the neutral beam power, PNBI <7.5MW. 
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Fig ^¡Global energy confinement time 
versus total net input power for 
Ηmode data at currents of 3MA and 
3.8MA. 

These data are supplemented by the 
3MA data obtained in November 1986 
(PNBI< 10MW) [2]. Since in all 
these discharges the plasma density was increasing steadily with time the 

relatively close to steadydata set has been restricted to W ¿ 0.2 Ρ 0̂̂ ι 
state conditions. Two density ranges (3^ and 45 x 10 'm ) are 
distinguished. At low powers the data seem to split into two branches with 
data at higher density corresponding to higher confinement times. At 
higher powers such a density dependence is less apparent. 

Figure 4 also shows the first Ηmode data obtained at a plasma current 
of 3.8MA. At a total heating power Ptot = 8MW this discharge resulted in 
record values of plasma energy (7MJ), energy confinement time with 
appreciable additional heating (0.9s) and fusion product (n^(0)τΕΤ^(0) = 
2.4 χ 10' .s.keV) 
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H. CONCLUSIONS 
Local transport analyses with both the TRANS? and QFLUX codes indicate 

that during the Lphase of JET single null Xpoint discharges the total 
heat transport coefficient in the plasma interior decreases from its 
initially high value to a level close to the ohmic value. This level does 
not change significantly during the transition to the Ηphase, implying 
that the higher stored energy associated with the Ηphase results from 
improved confinement at the very edge of the plasma. On the basis of a 
larger data set obtained at different times during different discharges, 
the underlying trend towards reduced confinement in the plasma interior 
with increasing input power is ameliorated, in part, by improved confine
ment at higher density. 

The global analysis indicates that confinement during the Hphase 
continues to improve with current (up to 3.8MA), but still degrades with 
increasing neutral beam power. 

13 16 14 15 
Time (s) 

Fig 5¡Characteristics of a JET discharge in which ELMphases 
separate a train of shorter Hphases. 

It is worth noting that conditions closer to steadystate have been 
achieved in discharges that exhibit ELMs separating a train of shorter 
Ηphases. The duration of these ELMphases can be affected by varying the 
radial distance between the separatrix and the belt limiters. As shown in 
Figure 5, for a certain optimum distance between separatrix and limiters, 
this procedure allows the plasma density and radiation to be kept closer to 
steadystate without too large an adverse effect on the global energy 
confinement time. 
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THE JET H MODE 
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Magnetic configuration 

H mode has been obtained in JET with single null configuration and 
neutral beam heating. The single null magnetic configuration was obtained 
by using the multipolar field produced by shaping windings and primary coil 
stray fields* . The plasma equilibrium flux plot of a discharge with 
plasma current of A MA is shown in Fig. 1. Developments of higher current 
scenarios with single null configuration are based on differential currents 
in the main equilibrium coils and have been described* ' . Ranges of param
eters of single null discharges are summarised in Table I. The elongation 
of single null discharges is larger than limiter discharges because of the 
need to keep the plasma detached from the bottom belt limiter. The 
magnetic axis of the plasma is displaced by 0.1 τ 0.2 m below the midplane; 
consequently plasmaantenna distance for single null configuration at high 
plasma current is larger than 0.1 m, causing values coupling resistance of 
the order of 1Ω or less. With single null configuration the operational 
space was confined by a low q limit of q* = je ^ ( 2S)>2; for values of 
q* 2 to 3 there was still a low density disruptive limit of ñ (m~3) = 
0.35·10

19
Ιρ(ΜΑ). In the single null configuration JET has been operated 

with the ion (VB) drift direction towards the Xpoint. 

Features of the Hmode 

Scans of neutral beam power, plasma current, toroidal field and 
Xpoint position have shown that threshold power for the Ηmode transition 
depends strongly on toroidal field, with an empirical fit of the neutral 
beam power Pth(MW) = 0.6(BT(T))

2,5i0
*
5
. The minimum power threshold was 

3 MW with a toroidal field of 1.8 T. There was no clear dependence on 
plasma current, within the power resolution of one neutral beam source of 
±1 MW. The transition to the Ηmode was achieved for Xpoint to the dump 
plates distances <5 cm. Within the limited neutral beam power available of 
7 MW it was not possible to achieve Ηmode with HeA target plasma, 
suggesting a higher threshold for helium plasma, similar to D111D' . 
In deuterium, the Ηmode transition was achieved with a minimum target 
plasma density of ñe(nr3) = 0.5x1o19Ip(MA). 

The short (0.10.45 s) L phase is followed by a quiescent Η phase, 
lasting up to 2.5 s. The collapse of the Ηphase is caused by the buildup 

A176 



of radiation losses, in the bulk plasma, which increase with plasma density 
until the total input power less radiation losses is equal to the power 
threshold. The duration of the quiescent H phase increases with (a) 
neutral beam power, (b) clean machine conditions and (c) He conditioned 
vessel surfaces leading to lower plasma recycling. Termination of the H 
phase is followed by either a full plasma disruption or reverting to an L 
phase. For plasmalimiter distances less than 5 on a series of short 
(0.5 s) H and L phases is observed, with distances of the order of 10 cm 
within a Neutral Beam pulse of 5 s usually there are two or three H and L 
phases lasting 1 τ 2 s; finally for distances larger than 10 cm there is 
just one long H phase ending with plasma disruption. 

At the lowest toroidal field of 1.8 T, the L phase lasts for just the 
slowing down time of the injected particles, while at 2.8 it lasts 0.6 s, 
(NB power 7+8 MW). The L phase is characterized by edge relaxations which 
increase in amplitude and decrease in frequency until, at a sawtooth crash, 
the L to H transition occurs (as detailed elsewhere^ ' ) . The edge relaxa
tions are localized at r/a *v 0.90, according to the soft xray array. Each 
relaxation produces the loss of approximately 0.4% of the total plasma 
particles and 0.2% of total energy. The L to H transition is marked by a 
20% increase of the electron temperature, confined to the separatrix, 
taking place in a time of the order of 10 ms. 

The time evolution of electron temperature and plasma density are 
shown in Fig. 2. This figure is made up of a series of LIDAR profiles^ 
taken on a sequence of subsequent reproducible plasma pulses, resulting a 
profile every 0.1 s. NB heating starts at 12.5 seconds, during the flat 
top of a discharge of 3 MA plasma current and with a toroidal field of 
2.1 T. At the L » H transition, at 12.8 s the plasma density profile, 
already flat in the ohraic phase, exhibits the buildup of a steep edge 
gradient. 

The density increase, throughout the H phase, occurs with a profile 
little altered in shape. It should be noted that flat density profiles are 
a common feature of both limiter and xpoint JET discharges at low values 
of qCyi· The sequence of electron temperature profiles shows the increased 
edge temperature and the perturbations caused by sawteeth activity. 
Electron temperature profiles in Ηmode discharges are broad. For example, 
the values of the ratio of peaktoaverage temperature is 1.7, virtually 
independent of qCYi5 in contrast to limiter discharges where, during the 
flattop, the ratio of peak to average electron temperature varies as 
Te/<Te> ^ ş qcyi + 1̂  ' . Ηmodes usually have sawteeth activity. However 
temporary stabilisation has been observed in a similar way than monster 
sawteeth observed in limiter discharges, with neutral beam power of 7 MW. 
Temporary stabilisation produced an increase in the peaking of the tempera
ture profile. 

Confinement time 

The global confinement time (xe) increases in the Hraode, and is 
roughly a factor of two larger than in limiter discharges at the same 
plasma current and 50% larger than during the L phase^ '. In the current 
range 1.0 to 3.8.MA confinement times scale proportionally to plasma 
current and are not sensitive to toroidal field. The gain in confinement 
of the H mode, compared to th L mode, is mainly due to higher^average 
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densities and partially to higher electron temperatures . The ion central 
temperature, measured by xray crystal and cx spectroscopy, exceeded the 
electron temperature in the early part of the Ηmode, at lower densities, 
while approaching the central electron temperature later at higher 
densities. In the early phase of the JET Ηmode, after the L to H 
transition, the confinement time includes a strong contribution due to the 
large value of the derivative of total stored energy, of the order of 50% 
of the total input power. In this phase the power deposition profile of 
beams is centrally peaked. Gradually, the rate of increase of stored 
energy decreases and, at the same time, the beam power deposition profile 
becomes quite peripheral. A possible density dependence of energy 
confinement time is hidden in the non stationary nature of the discharge. 
Cleaner discharges tend to have lower radiation losses, with longer 
Ηphases, and larger values of global confinement times. Local transport 
studies (7) indicate that the total energy diffusivity in the plasma 
interior returns to ohmic level already during the evolution of the L 
phase. Abel inverted bolometer radiation profiles typically show a steady 
increase of radiation during the H phase at the periphery of the plasma^ ' . 

During long pulses, where a succession of H and L phases is observed, a 
gradual increase in the central radiation is also observed, suggesting a 
gradual drift toward the centre of metal impurities^ . When a monster 
sawtooth during Ηmode is present, the radiation profiles show a slight 
reduction of radiation losses across the radius. 

Conclusions 

In JET H mode the improvement in confinement is of the order of a 
factor of two compared to limiter discharges at the same level of plasma 
current. The threshold power scales greater then B*. Global confinement 
time scales with input power and plasma current, roughly twice the Goldston 
scaling, but this should be offset against the increasingly offaxis 
heating due to bad beam deposition profiles at high neutral beam power. 
The values of q ¡for Ηmode discharges range between 1.8 and 4.5, compared 
with a range of 2 and 10 for limiter discharges. Sawtooth reconnection 
radii are in the range of r/a = 0.5r0.7. It is possible that sawtooth 
activity has an effect on plasma confinement and on density and temperature 
profiles. So far ICRH have been unsuccessful in producing or sustaining 
an Ηmode because of a) low coupling resistance due to large plasma
antennae separation and b) deleterious effect of increased impurity influx 
caused by the antennae. Future experiments will be carried out at larger 
plasma current and higher neutral beam power. The range of H mode 
discharges to will also be extended higher values of toroidal field . 
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Table I 

Plasma current range in single null configuration 
Plasma current range with H mode 
Toroidal field range 
Neutral Beam power range for Hmode 
Neutral Beam energy range 
Target discharge gas 
Neutral Beams 
Maximum line average density with H mode 

14 MA 
13.8 MA 
1.72.8 Τ 
39 MW 
7080 keV 
Deuterium 
D
+ 
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19
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3 
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Fig. 1 
Flux plot for pulse No: 14328 
Plasma current 4 MA 
Toroidal field 2.4 Τ 
Plasma density 2.1019m3 

Fig. 2 
a) Time evolution of the plasma 

electron density profile 
b) Time evolution of the plasma 

electron temperature profiles 
LIDAR profiles obtained from a series 
of reproducible discharges. Plasma 
current =3.0 MA, Toroidal field = 
2.1 T. NB power 7 MW, NB pulse starts 
at 12.5 s, LH transition at 12.8 s. 
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THE EVOLUTION OF Zeff(r) PROFILES IN JET PLASMAS 

Ρ D Morgan 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK 

1. INTRODUCTION 
The understanding and control of impurity production in JET plasmas 

remains a fundamental aim of the experiment. To this end, the global 
impurity content in the device is routinely monitored throughout each 
discharge by making measurements of the average ion charge Ζ ^ , using 
visible continuum emission collected along two discrete lines of sight. 

The use of a 15telescope array aligned in a common poloidal 
crosssection has permitted the temporal evolution of Ze^f(r) to be 
studied, under a variety of plasma conditions. In this paper, results are 
reported pertaining to a study of plasmas fuelled by gas or pellet 
injection and heated ohmically, by the application of ICRF or by NBI. 
2. APPARATUS & ANALYSIS 

The apparatus and method of analysis have been described in detail 
previously [1], albeit for a 13channel version. The present system covers 
the same field of view, with two extra channels aligned on the zone where 
the magnetic separatrix is formed during Xpoint operation. 

Each channel in the arrav measures the brightness Β = — fe(l)ûi, at 
4ττ 

523.5nm, along a chord through the plasma. Using the technique of Abel 
inversion, the brightnesses are transformed into the radial profile of 
continuum'emissivity, ε(τ). Since ε(ν) <* Ζ ff(r) ng(r)/T^/'2(r), knowledge 
of ne(r) and Te(r) permits the radial profile of Ζ f f to be determined and 
its temporal evolution to be followed. 
3. RESULTS AND DISCUSSION 

(i) Ohmic Discharges with Gas Fuelling The precise value of Ζ ff 
determined at any time during a discharge, for any given setting of machine 
parameters, is sensitive to the history of previous machine operation and 
cleaning procedures. This is also the case when additional heating is 
applied or D2 pellets injected. 

During the ohmic phase of a discharge, and following the establishment 
of a stationary density profile, Ζ ^(r) is usually peaked on axis with 
Zeff(o)/Zeff < 1.1» and Zeff(o)/Z ff(a) < 2.5. Traces (a) of Figures 1, 2, 
3 and 4 are representative examples of such profiles. For stationary 
discharge conditions, Ζ ^ decreases with increasing ñ and increases with 
Ip. Provided the_vessel is well conditioned the data are represented by 
the relationship Ζ ̂  <* 1/(ñ/J), where J is the plasma current density. 

(ii) Discharges Heated by NBI 
a) Liroi£er_Discharges The injection of a beam of D atoms causes a 
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reduction of Ζ ff, the amount depending on the power of the injected beam, 
ie. on the flux of injected neutrals. Figure 1 shews two Zef^(r) profiles: 
(a) is prior to MBI while (b) was obtained after 5s of injection of a 
5.5 MW beam of 80 keV D atoms. The relative shape of the Zeff(r) profile 
is little changed by the beam, but there is a reduction in the absolute 
values, Zeff decreasing from  2.6 to 2.3· 

Despite a beam fuelling rate of 6 χ 1020 s1
, which increases the 

neutral source in the plasma centre by two orders of magnitude or more [2], 
recycling at the edge dominates the global particle balance. Recycling 
produces an electron influx that is  4 χ larger than the beam fuelling 
rate. The injected D atoms dilute the impurities, thereby reducing Zeff. 

b) XzpQintDischarges When the plasma is limited by a magnetic 
separatrix (Xpoint discharge) and the Ηmode of confinement is achieved 
following the start of NBI, a different form of evolution of Zeff(r) is 
observed from that reported in (ii)a. Figure 2 shows 3 profiles obtained 
during a discharge in which 7.5 MW of NBI were applied at 12.5s. 

Profile (a) pertains to the ohmic phase of a discharge in contact with 
the belt limiters. Profiles (b) and (c) were obtained during the Hmode 
phase  (b) was evaluated 0.05s after the L to Η transition while (c) 
occurs 1.1s later. During the Ηmode, the profile of Zeff(r) steepens 
while the absolute values increase steadily  Zeff increases from  2.8 at 
13.1s to  3.7 at 14.2s. The profile is slightly hollow, as confirmed by 
soft Xray [3] and spectroscopic [4] measurements. An improved global 
particle confinement time by a factor of 35 has been deduced from Da 
measurements [1] and from impurity transport analysis [4]. 

(iii) Discharges Heated by ICRF The application of ICRF results in 
increased hydrogenic and impurity influxes. At power levels ú 4_MW both 
types of influx increase in proportion to the applied_power and Ζ f̂  is 
unchanged in value. However, at higher power levels Ζθ{γ increases during 
the RF pulse and Zeff(r) evolves. 

Figure 3 shows two Ζeff(r) profiles: (a) pertains to the ohmic phase 
while (b) was evaluated after 4s of heating at a power of 11 MW. The 
increased impurity production at the plasma edge leads to an increase of 
Ζ*.*· from  3.4 to 4.8. Ζ ef(r) increases significantly in the outer 
region and its overall shape flattens with a slightlyhollow centre. 
Following switchoff of the RF source Z e f f decreases as the density rapidly 
decays, both to stabilise close to their ohmic values. 

(iv) Discharges Fuelled by Pellet Injection Pellet injection has a 
dramatic effect on the temporal evolution of Zeff(r), due to the abrupt 
deposition of D atoms in numbers comparable to the plasma electron content, 
on a submillisecond time scale. 

Multipellet fuelling has achieved values of Ζθ^(ο) of 1.3  1.5, 
with ne(o) ¿ 9x10'9 m~3, following the injection at 0.5s intervals of 5 
pellets during current rampup in a 3 MA limiter discharge [5]. Each 
pellet had an average electron content of 7χ2020  the initial plasma 
electron content was  1021

. A single large pellet yields similar results, 
as reported in [1]; wherein the injection of  4.5 χ 1021 D atoms into a t 
plasma of electron content  1.3 χ 1021 reduced Ze^^(o) by > 3· 

The effect of a single small pellet is less pronounced, but it well 
illustrates the plasma response to injection. In Figure 4, a time sequence 
of 4 Ζpff(r) profiles is shown for a plasma of initial electron content 
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- 1.4 χ 1021 into which a D2 pellet containing - 2.2χ1021 atoms was 
injected. Profile (a) was obtained before injection. Profile (b) 
pertains to 0.1s after injection, which reduces Zeff(o), by - 40%, and also 
z
eff

 a t t h e Plasma edge. However, at R - 3-6m, corresponding to the 
location of the q=1 surface, Zeff(r) has barely changed. The prompt 
reduction in Zeff is consistent with a fixed plasma impurity content 
being further diluted by the injected D ions. Following injection, 
Zeff(r) fills in, traces (c) and (d). Z e f f increases until after 3~4s it 
is similar to that for a gas-fuelled discharge at the new, higher density. 
4. CONCLUSIONS 

The temporal evolution of Zeff(r) in JET plasmas has been studied 
using a 1 5-channel poloidal array to measure the visible bremsstrahlung 
emission. This has given an insight into the global impurity behaviour 
during ohmic, NBI and ICRF heating, and in the case of pellet injection. 

The imprecisions in calibrating the array lead to systematic errors in 
the measured signals. The resulting absolute errors in the Zeff(r) 
profiles are estimated to be up to 25% on axis. At the plasma edge ne(r) 
is not well determined, leading to further uncertainties in Zeff>(r), which 
is not usually evaluated for the outermost 0.3m. The relative errors in 
Ζ J.J.(r) are assessed to be about half the absolute errors, permitting 
changes in profile shape to be followed with reasonable confidence over 
most of the minor radius. 

Under all conditions, recycling at the plasma edge plays an important 
role. During NBI in limiter discharges, Z e f f decreases but its profile 
shape is unchanged due to recycling being dominant over the central neutral 
source, in the global particle balance. In plasmas in which an Η-mode is 
established Z e f f rises steadily and Ζ ~Λν) becomes steeper, although with 
a hollow centre. At powers i 4 MW, ICRH leads to a gradual increase in 
Ζ f f with a flattening of Ζ ff(r), through increased impurity production at 
the plasma edge. Pellet injection, where deep penetration is achieved, 
causes a large abrupt decrease in Ζ f f(o), through dilution of the core 
impurities. However, on a time scale of 3~4s recycling establishes a 
higher Ζ f̂  which is consistent with edge fuelling. 

None of the scenarios above yield Zeff(r) profiles which indicate 
neoclassical accumulation of the light impurity species, such as C and 0, 
in the plasma centre. However, metallic impurities such as Ni could 
accumulate significantly without being discernible on the Zeff(r) profiles, 
since their initial concentrations are low [4]. 

ACKNOWLEDGEMENTS The author is grateful to members of ED1 and ED2 who 
freely made available the results of their magnetic, electron temperature 
and density measurements. 

REFERENCES 
IT] Ρ D Morgan and J J O'Rourke, Proc. 14th Europ. Conf. on Controlled 

Fusion and Plasma Physics IIP, (pt.3), p.1240 (1987). 
[2] A Cheetham, et al., Proc. 13th Europ. Conf. on Controlled Fusion and 

Plasma Physics 10C, (pt.1), p.240 (1986). 
[3] D Pasini, et al., this conference (1988). 
[4] Κ H Behringer, et al., ibid. 
[5] Ρ Kupschus, et al., ibid. 

A182 



c
eff 

2 

' ι ' 1 ■ τ — I ι 

_̂ 

""*" Ν \ ^ 
\ \ . 

\ \ 

\ b 
— 

1 . 1 . 1 . I . ι . 

z
eff 

t ' I Π ' Γ 

2 . 8 3 .0 3.2 3.4 3.6 
Major Radius (m) 

3.8 4 .0 2 . 8 3 .0 3 .2 3.4 3.6 
Major Radius (m) 

3.8 4 . 0 

FIG.1: Zeff(r) profiles for pulse 
#10499. (a) t«6s, during the 

ohmic phase of the limiter 
discharge, (b) t12s, during NBI. 

5.5MW. 4MA 

FIG.2: Radial profiles of Ζ f f for 
pulse #14822. (a) t=5.1s, 

ohmic phase with plasma on l imiters. 
(b) t=13.1s, 0.05s after s t a r t of 
Ηmode. (c) Hraode, t = 14.2s. 
'NBI = 7.5MW. I p = 3MA. 
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FIG.3: Zeff(r) profiles for pulse 
#13543. (a) t10s, ohmic 

phase of limiter discharge, 
(b) tl4s, after 3s of 11MW of ICRH. 
8 antennae in dipole configuration. 
In  3.03.5MA. 

FIG.4: Radial profiles of Ζ ff for 
pulse #9522. (a) t=6s 

(pellet injection at 7s). 
(b) t7.1s. (c) t=8s. (d) t123. 
Profile evolves rapidly and "Zeff 
increases. I. 3MA. 
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MULTI-PELLET INJECTION ON JET* 
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and 
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US DOE (a: PPPL, b: ORNL, c: GA Technologies) 

Introduction 
JET and the US Department of Energy have jointly installed and are 

jointly operating a Multi-Pellet Injector for fuelling experiments on JET 
under the umbrella of the Bilateral Agreement on Fusion Research. The 
actual pellet launcher (built by Oak Ridge National Laboratory) can deliver 
multiple pellets of frozen fuel, from three different barrels in parallel 
in the sizes 2.7, 4 and 6 mm diameter (length equals diameter 
approximately) at a maximum frequency of several per second with nominal 
speed of up to 1500 ms-1

, which are injected horizontally into the midplane 
of the tokamak. More information can be found in [1] which also deals with 
the fuelling aspects of the pellet experiments described in the following. 
The JET Multi-Pellet Injector was brought into operation in last summer and 
systematic investigations with pellet injection have started later in the 
year with the aim to increase the central plasma in a more controlled way 
and to purify the plasma. 

Since it is known that for large hot plasmas pellet penetration depths 
are likely to be insufficient to reach the centre of the discharge the 
overall strategy in the initial experiments has been to set up a high 
density target plasma in an ohmic discharge with central density peaking 
and to heat this subsequently in hope that the density profile will be 
maintained for a reasonable length of time. Mainly 2.7 and 4 mm deuterium 
pellets have so far been injected into the current flat top and into the 
current ramp, for plasma currents in the range of 3 to 5 MA in limiter 
discharges with toroidal fields of 2.1 to 3·^ T. 

Review of initial experiments 
Following the above mentioned strategy a large number (>100) tokamak 

discharges have been performed the evaluation of which is now being done 
but is hampered by the existence of particular problems with diagnostics to 
cope with rapid, multiple changes induced by the pellet events. It is 
therefore a tedious and time-consuming procedure to derive from the raw 
signals the time evolution of radial profiles needed for more detailed and 
subtle evaluation. 

*This work has been performed under a collaboration agreement between the 
JET Joint Undertaking and the U.S. Department of Energy. 
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Peaked density profiles with high central density were established ir. 
the first example: Fig. 1 shows the time evolution of the electron density 
versus the major radius of a 2.5 MA/3T discharge (shot 13572) without 
auxilliary heating (as constructed from FIR laser interferometry and 
optical Bremsstrahlung measurement). One 4 mm pellet is injected into the 
early current flat top at 4.5 s and a combination of 2.7 and 4 mm pellets 
following each other in 10"3s distance at 5.5s create a very peaked profile 
with a density on axis of more than 1.2.10

20
m~

3 (average 4.10
l9
nT

3
? 

decaying over 2s to 8.10 » 9m3 still with a peaking factor ne(0)/ne of 3 '== 
supported by the LIDAR Thomson scattering profiles; the hollow profile a:: 
1.5s may be a feature due to the limited number of signal traces 
available). The electron temperature on axis (being about twice the volume 
average one) drops with the first pellet from 3 to 2 keV and with the 
subsequent combined pellets to 1 keV but recovers in about 2s leading at 
7.5s to a central electron pressure peak of 0.25 bar; tentative estimates 
give values around 2 during this time for Zeff (lower still for the pellet 
event itself) and around .6 sec for the energy confinement time, virtually 
constant over the density decay time. 

Pulse No: 13572 

1 f
co 
E 
o 
CM 

O χ 0.5 

w 
c 
d) 
Q 

Time (s) 

I ' I 
3 4 

Radius (m) 
Fig. 1: Electron Density Profile over major radius R and time t for 

shot No. 13572 

If the pellets do not penetrate sufficiently into the plasma to peak 
the central density strongly they nevertheless increase the average density 
on a faster time scale than gas feeding and to or even above the density 
limit. An example for this is shot 135^4, a 33 MA, 2.8T discharge with 
three h mm pellets, fig. 2, followed up by onaxis RF heating of 16 MW at 
U2 MHz, Ηminority ICRH. This drives the plasma stored kinetic energy up 
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to about 6 MJ with a radially 
very flat central density of 
6 . 1 0 ' m This p r o f i l e holds 
on in time during the RF pulse 
- cond i t ions are maintained for 
about two seconds - at a l e v e l 
which can a l so in the end be 
r e a c h e d by g a s p u f f i n g ; 
however, the high D-D r e a c t i o n 
r a t e of 1 .4 .10 l 5 s" (no n e u t r a l 
beam h e a t i n g ) s u g g e s t s a 
r e l a t i v e l y clean plasma with a 
high d e u t e r o n c o n t e n t . The 
c e n t r a l e l e c t r o n pressure i s 
exceeding .75 bar at a c e n t r a l 
e l e c t r o n temperature of 8 keV. 

When p e l l e t s a r e t o o 
c l o s e l y spaced in time locked 
modes - MHD a c t i v i t i e s wi th 
formation of almost s t a t i o n a r y 
magnetic i s l a n d s assoc ia t ed in 
t h i s c a s e wi th h i g h - d e n s i t y 
o p e r a t i o n - l e a d t o r a p i d 
dens i ty pump-out and usua l ly 
d e t e r i o r a t i o n of peakedness [ 2 ] . 

Good p r o f i l e peak ing of 
d e n s i t y can be o b t a i n e d by 
f u e l l i n g the tokamak discharge 
very ea r l y in the cur ren t ramp. 
Shot 14550 - the 3~dimensional 
dens i ty evo lu t ion can be found 
in [1] - shows a bui ld-up to 

Time (s) 

F i g . 2: 

9.10 ' by i n j e c t i o n of 7 
2.7 mm pellets for a 3 MA/3T 
discharge, fig. 3· The central 
temperature is kept by the 
cooling of -the pellets to about 
1 keV before it takes off to 8 
keV with RF (8MW) and NB (5MW) 
being applied at 3.5s; 
immediately the central density 
decay sets in and the peaking 
disappears with the total 
particle contents roughly 
maintained. The interesting 
part is the high electron 
pressure of .65 bar max and the 
high D-D reaction rate 
approaching 4.10l5

s
-1
. The 

plasma energy is 4MJ but decaying in line with the temperature decay after 
4.5s; with this collapse the central pressure as well as the D-D reaction 
rate are declining while the 13 MW are still maintained. A similar

1 

0 

Fig. 3: 

1 2 3 
Time [ş] 

Time trace of central electron 
density η temperature Τ 
and D-D reaction rate 

A186 



d i s c h a r g e - s h o t 1^555 
e x h i b i t s very s i m i l a r f e a t u r e s : 
i t s D-D r a t e p e a k s a t 
4. 3. 10 1 5s- when the central 
electron temperature reaches 7.5 
keV with combined auxilliary 
heating of 10MW ICRH and 5MW MB, 
it does however decay before the 
first temperature collapse .8s 
later and seems more to decline 
in parallel with the central 
density in this case. The D-D 
rate is still about 2.10 l 5s - 1 

1.5s later when the LIDAR 
measures the radial electron 
pressure profile - fig. 4 - with 
about 0.5 bar peak and the 
highest pressure gradient, i.e. 
2.2 bar m~ ' , we have seen so far. 
Both shots exhibits global 
pressure values - as inferred 
f r o m d i a m a g n e t i c l o o p 
measurements - in excess of 35* of 

0.4 -
<3 

0.3 -

a. 
0.2 

LU 0.1 

Shot 14555 

_ ƒ 

/ / 

if */ 
— Sf 

£r—" ι 

/ 
• S \ 

\ i 

\r \ \ 
\ \ 
\ \ 

^ 2 . 6 s 

4 6s 

2.2 bar m 

6.6s 

M 
2.0 2.5 3.0 3.5 4.0 

Flfm] 
Fig. Fig.4: LIDAR electron pressure measure

ment versus plasma diameter for 
3 time slices in 2s intervals 

the Troyon limit. 

Conclusions 
The first series of multipellet injection experiments on JET have so 

far shown that with central deposition (usually to within one third of the 
minor radius) peaked density profiles with central values exceeding 10 2 0 

m~
3 can be reached. These peaked profiles can persist for times in the 

order of seconds in the pure ohmic case. Auxilliary heating  onaxis 
radio frequency and combined RF and neutral beam heating (up to levels of 
16MW)  seems to accelerate the slow central density decay considerably but 
generates for short times (some fraction of a second) high central electron 
pressure values (up to .75 bar) in a core with a high DD reaction rate (up 
to ^.I0

1 5
s~' at about 8keV electron temperature) presumably because of the 

high deuteron contents brought about by the injection of clean pellets. 
The next steps in the programme will be  apart from generally widening the 
operational range of injection application  to attempt to hold on to the 
peaked profiles by varying the heating and fuelling profiles and to 
understand the physics underlying the formation and the decay of this 
interesting core. 

[1] S. Milora, this conference. 

[2] J. Snipes, B. Tubbing, this conference. 
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SPONTANEOUS TRANSITIONS IN THE TEMPERATURE 
OF A TOKAMAK PLASMA WITH SEPARATRIX 

Ρ Η Rebut, M L Watkins and Ρ Ρ Lallia 

JET Joint Undertaking, Abingdon, Oxon, UK, 0X14 3EA 

1. INTRODUCTION 
Tokamak experiments with a magnetic separatrix often exhibit spon

taneous transitions in the edge electron temperature at the onset of an 
Hmode [13]. Such a transition might result, for example, from reduced 
edge losses due to the reduced recycling associated with the Hmode [4] or 
as a result of the edge plasma becoming stable again to ballooning modes in 
the second stable regime [56]. In the present paper, a two species plasma 
model is developed which exhibits a spontaneous transition in the edge 
electron temperature. The basis for the model is the critical electron 
temperature model [7] in which the anomalous transport disappears in the 
region of very high shear near a separatrix. The model has been shown to 
provide an acceptable interpretation of JET experimental data in terms of 
the global scaling of the stored electron energy and detailed profile 
analysis using transport code simulations [8,9]. In particular, a single 
formulation accounts for both the anomalous behaviour in ohmic plasmas and 
the degradation of confinement with additional heating (Lregime). The 
present work extends this formulation to the simulation of the electron 
temperature profiles and the improved energy confinement observed in Hmode 
plasmas in JET separatrix configurations. 

2. TWO SPECIES PLASMA MODEL 
Ion power balance 

The ion power balance inside the separatrix may be written: 
P
i
 +

/
n v

e i
k (

V
T

i
) d V = Q

i
 ( 1 ) 

where P^ is the power directly heating the ions, η is the plasma density, 
Te and T^ are the electron and ion temperatures and ve^ is the energy equi
partition frequency. The ion heat flux, Qi, across the separatrix of 
surface area, S is: 

Qi = fnx^kT^S = nXik(TixTia)S/A 

where χ̂  is the ion heat diffusivity, and TixTia is the ion temperature 
difference over a distance λ in the vicinity of the separatrix. 



To determine fully the energy equipartition term in equation (1) requires a 
full transport calculation of the temperature profiles. In the present 
analysis, this term is approximated by nve^ k(T T^X)V,

 w n e r e it is 

assumed that the integral is dominated by a contribution over a volume V 
near the separatrix. The ion power balance can then be written in terms of 
T
ex

 a n d T
ix

: 

p i + n v e i k ( T e x  T i x ) V = n X i ^ T i x  T i a ) S / A 

and the ion heat flux i s given by: 
nv_.kTovV + ηχ.kT, S/λ 

Q, = P, + ei e x tl—i§  nx.kTiSA 
1 x 1 + vei VA/XiS Λ ι ia 

Electron power balance 
The electron power balance at the separatrix may be written: 

(2) 

% = /nxeVkTedS = nxek(TexTea)S/A (3; 

where χ is the electron heat diffusivity and Tex~Tea is the electron 
temperature difference over the distance λ. 

Total power balance 
The total power balance at the separatrix can be expressed in terms of 

Qe alone by eliminating Tex from equations (2) and (3): 
Ρ η + o o + P * " W V

( W
A
Q e

/ S n e
X e ^ X i

e T
i a

S / A _
 n
Xj

eT
ia

S
 m 

W e W i e i 1  vei VA/XiS λ 

With the simplifying assumptions that the edge temperatures (Tea and Tia) 
and power to the ions (P^) are zero and with vei = nv0/Tex

3
'
2
, equation (4) 

may be written in the form: 

P = Qe + " a
 (5

> 
Qe + q 

where Ρ = P/p, ÜL = Qe/Pi with the power normalisation, p, and the para
meter, q, defined as: 

ρ = (n2v0eV(neSxe/,\)^J2 ' q = xe/Xi 

3. INTERPRETATION OF THE RESULTS 
Given the electron and ion heat diffusivities the model determines the 

electron power flow, Q , and hence the edge electron temperature (equation 
(3)) for a given power flow, P, across the separatrix. The general 
solution of equation (5) is shown in Fig.1 for q in the range 0.0001 < q á 
1.0. For xe~ χρ Qe and the edge electron temperature increase 
monotonicai Ly with Ρ (q = 1.0 curve in Fig.1). With decreasing Xg/χ^ 
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the rate of increase of Qe with Ρ is reduced at low Q and the ions 
transport a larger fraction of the total input power (q = 0.1 curve). For 
Xi » xe the ions transport a substantial fraction of the total input power 
(q = 0.0001 curve). 

Of course the ion power flow is itself dependent on the electron 
temperature (through energy equipartition). As a result, for certain input 
powers, three solutions can exist (eg, q = 0.01 curve), two of which are 
stable (Si & S2) and one unstable (U) to perturbations in the edge 
temperature. Under these conditions a transition between the two stable 
solutions will manifest itself in a spontaneous change in the electron 
temperature and the electron power flow across the separatrix becomes 
significant. These solutions occur above a certain power threshold. 

H. RELEVANCE TO THE JET HM0DE 
The transport models of [8,9] lead to temperature profiles in fair 

agreement with experiment. Inside the separatrix the electron temperature 
profile is determined largely by the critical temperature gradient and 
x
i ~ Xe' U n d e r these conditions q  1 and ρ  9MW, typically. For an 
input power of 5MW, Qe  2.7MW and the edge temperature ¿JOeV. 

Near the separatrix, however, the heat diffusivities will be reduced 
due to the local magnetic shear, ultimately being limited by neoclassical 
transport, χ̂^ will change less than χ . For typical JET conditions 
(q0.03 in Fig.1 and p~3MW) a power in excess of 5.4MW is needed to make 
the transition from a low edge temperature (250eV) with ion transport 
dominating the power flow to a high edge temperature (~1keV) with electron 
transport becoming more important. Such a spontaneous change in the 
electron temperature is identified with the pedestal observed to develop 
within 0.050.1m of the JET separatrix when a transition is made from the 
LH regime at an input power, P5MW. 

The simplified 1D electron energy transport code [8,9] has been used 
to simulate the electron temperature profiles of JET Pulse #10755. The 
electron transport model presented at the Varenna Theory Conference (but 
with the anomalous diffusivity multiplied by the shape parameter 
(R/r)(RVTe/Te)(Ti/Te)^ [9]) has been used in conjunction with the boundary 
condition given above for the edge electron temperature. The density, 
auxiliary heating and radiated power profiles are represented by analytical 
functions based on experimental data. Neoclassical corrections to the 
Spitzer resistivity are accounted for by a radial dependence in Ζ ^f. The 
electron temperature, the resistivity and the current density are assumed 
to be constant within the q=1 surface. The computed and experimental 
profiles show satisfactory agreement (Fig.2) in the ohmic, L and Hphases. 
It should be noted that the same transport equations are used to simulate 
all phases of the discharge. 

5. SUMMARY 
The two species plasma model developed exhibits a spontaneous 

transition in the electron temperature in the high shear region in the edge 
of a tokamak plasma with separatrix where the transport is ultimately 
neoclassical. The transition occurs above a certain power threshold, 
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predicted to be about 5MW for JET, in accord with the power threshold for 
transition to the Ηmode. Furthermore, the electron temperature profiles 
and energy confinement in ohmic, L and Ηphases of discharges in JET 
separatrix configurations are well simulated by the critical electron 
temperature gradient model, which contains intrinsically a degradation of 
confinement with additional heating. 
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Fig 1 : Solution to equation (5) for 
various values of the parameter q. 

Fig.2: Experimental (—) and 
computed ( ) electron temperature 
profiles at times 10.5s (OH), 11.7s 
(Lphase, P4MW) and 12.7s (Hphase, 
P8MW) during JET pulse #10755. 
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MEASUREMENT AND INTERPRETATION OF TRITON BURNUP IN JET 
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The confinement and slowing down of fast tritons has been investigated 
by measuring the ratio of 1A MeV and 2.5 MeV neutron production rates. 
Tritons of 1.0 MeV are produced in the d + d *■ t + ρ reaction at the same 
rate as the 2.5 MeV neutrons from the d + d ► 3He + η reaction. The 
majority of these tritons will remain confined in the plasma and slow down 
to thermal energies through Coulomb collisions with electrons and ions ; a 
fraction will undergo fusion reactions t + d * *He + η, in which the 1A MeV 
neutrons are emitted. The fraction of the tritons which burnup is 
essentially equal to the ratio of 14 MeV to 2.5 MeV neutron production. 

The 2.5 MeV neutron emission is obtained from a set of fission 
chambers for which the calibration uncertainty is about ±10%. The 1A MeV 
neutron production is measured by means of the activation of Copper samples 
placed close to the plasma using a pneumatic transport system which returns 
them, after each discharge, to a counting room for the measurement of the 
induced γactivity. The reaction 63Cu(n,2n)62Cu is employed; it has a 
threshold energy of 10.9 MeV and a fairly high cross section (O.AA b at 1A 
MeV). The experimental setup and the first measurements, performed in 
1986, are reported in /l/. 

The absolute calibration of the activation technique has to be 
calculated in order to relate the total neutron emission to the local 
neutron flux at the irriadition position. The 1986 triton burnup 
measurements, presented in /l/, made use of response coefficients 
calculated with FURNACE /2/, a code based on ray tracing and the discrete 
ordinates method. The absolute calibration has been revised recently using 
the neutron transport Monte Carlo code MCNP /3/ to provide a more detailed 
description of the vessel wall and the holes through the surrounding 
structure, through which the irradiation ends are inserted. Neutron 
activation response coefficients were calculated for three different 
samples (Indium, Zinc and Copper) for deuterium plasmas producing 2.5 and 
1A MeV neutrons. The accuracy of the calibration was tested by comparing 
the results for the 2.5 MeV neutron yields with those obtained with the 
fission chambers; an overall agreement at the ±15% level was demonstrated 
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/3/. For the IA MeV neutrons, the response coefficient calculated with 
MCNP for Copper was 1.6 times lower than that calculated with FURNACE. 
This reduction is in part due to use of more accurate activation cross 
sections (̂  20%) and to the inclusion of effects due to local 
inhomogeneities at the irradiation ends (10%). A small unexplained 
discrepancy remains. For the present work, we adopt the more recent MCNP 
results. The overall accuracy for the Copper response coefficients, 
including modelling, calculation statistics, and cross section 
uncertainties, is estimated to be about ±10%. 

Further measurements have been obtained in 1987; ohmicallyheated 
plasmas (with plasma currents up to 6 MA) and combinations of NBI and ICRH 
with up to 21 MW of additional heating power have been studied. All 1986 
(corrected) and 1987 data are shown in figure 1 vs. the plasma current. 
Only measurements with statistical errors below 20% have been retained, 
these errors being actually less than 10% for most data points. The triton 
burnup ratios fall in the range 0.5 to 1.5% depending upon plasma 
conditions. These conditions varied in the ranges: 1.8 £ Bt ¿ 3.A T, 
1 £ I S 6 MA, 3.7 <. Te <; 7 keV, 1 <; ne £ 7 χ IO19 m"3, 1.6 <; Zeff á 8, 
the main impurities being Carbon and Oxygen. Finally the neutron yield for 
these discharges varied between 1013 and Α χ 1015

. 

The triton burnup ratio, p, is proportional to the product of the 
triton confinement fraction f , the deuterium density n™ and the d + t 
fusion probability (which depends on the triton slowing down rate). The d+t 
fusion cross section has a maximum around ΕΦ = 170 keV, well below the 
triton initial energy, so that the burnup is sensitive to the slowing down 
mechanism for fast tritons. The main motivation for studying triton 
burnup is to test the validity of the classical slowing down model for 
MeV ions without invoking anomalous losses or displacements of ions from 
their classical drift orbits. For this purpose, the burnup measurements 
have been compared with model calculations based on classical triton 
confinement and slowing down in the plasma. Two codes have been used, each 
tending to stress different aspects of the problem. The first is a 
timeindependent code, SOCRATE /A/, which takes into account the 
promptloss fraction of the tritons and the excursions from the flux 
surfaces on which they are born. The slowing down rate and the d + t 
fusion probability is calculated for each confined triton moving on the 
guiding centre drift orbit corresponding to the initial energy. The second 
is a timedependent code, TRAPT /5/, which assumes that the tritons stay 
on the flux surface on which they are born. Since the slowing down for 
tritons can be as long as 1 sec in JET, the time variation of plasma 
parameters has to be considered, especially for discharges with strong 
additional heating. Both codes calculate slowing down as due to electron 
and ion Couloumb drag, other collisional effects such as pitch angle 
scattering and energy diffusion being neglected. Both use the magnetic 
equilibrium flux surfaces and the plasma parameters T (r) , η (r) and Ζ ţţ, 
provided by other diagnostics, as input data. The triton source 
distribution is deduced on the assumption that T¿(r) = Τ (r)T¿(o)/T (o). 
This approximation may be rather crude in the case of NBI heating where 
many of the tritons are produced by beamplasma interactions. However, the 
2.5 MeV neutron emission profiles are measured on JET /6/ and no important 
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differences in the profiles are observed between ohmic and NBI heated 
discharges. The ratio n^/n is deduced from visible brensstrahlung 
measurements of Zejj and from the concentration of impurity species from UV 
spectroscopic measurements. Uncertainties in Ζ ψψ propagate increasingly 
larger errors in the ratio nn/ne for higher "Z.eff values; therefore, a 
restricted set of the 1987 discharges has been selected for which 2 ̂  Zeff 
ί 3 so that nD/n varied between 0.83 (±7%) and 0.65 (±15%). For the 
discharges so selected, the total plasma current was 3 or 4 MA and the 
calculated prompt loss fraction was always less than 3%. Both ohmic and 
NBI and/or RF heated discharges with up to 15 MW additional power were 
included. Predictions for the triton burn-up were obtained for these 
discharges from the two codes; they are in remarkably good agreement 
(within a few per cent) in all cases, provided that the time independent 
code is run for several times representative 'of the discharge temporal 
evolution. This agreement indicates that the neglect of orbit drifts is a 
good approximation for JET plasma with I s 3 MA. 

The comparison between experimental and theoretical burn-up ratios for 
the 1987 data is shown in figure 2. The error bars for the experimental 
values retain only the statistical errors; the systematic error is about 
±15%. The error bars for the calculated burn-up values take into account 
the uncertainties in the input data for Zeef and Te. The electron 
temperature used is that measured by the LIDAR diagnostic which has 
recently become available /7/. It is based on Thomson scattering and does 
not suffer, unlike ECE, from problems associated with a magnetic field 
dependent calibration. The uncertainties in Te, which propagate almost 
linearly in the burn-up ratio through the thermalization time of the 
tritons, is ±10%. Errors arising from approximations in the classical 
models adopted in the codes are difficult to assess. Both codes neglect 
losses due to pitch angle scattering but, since the loss cone is small, 
their effect is expected to be negligible. 

It can.be seen from Fig. 2 that agreement has been found between the 
experimental measurements and the theoretical calculations within the 
overall uncertainty of ±20% for both values. No particular trend has been 
found for additionally heated as compared to ohmic discharges. The present 
results, using the 1987 data, correlate rather better with the line for 
p e x p = p t h than did the 1986 data reported in. ref. [8]. The two sets of 
data are not inconsistent with each other but nevertheless there is an 
apparent improvement which can be attributed mainly to the use of LIDAR 
instead of ECE temperature data, and also to the selection of more reliable 
burn-up data (ie. p e x p for Zeff S 3). Since the major source of 
uncertainty for high Zeff discharges (ie. Zeff > 3) lies in the ratio 
nD/ne, confirmation of the classical nature of the triton burn-up process 
now permits us to invert the problem and to consider the burn-up 
measurements as contributing to the evaluation of nQ/n . 

'REFERENCES 
[1] P. Batistoni et al, Proc. 14th European Conference on Controlled 

Fusion and Plasma Physics, Madrid 1987, Vol III (1987) 1228. 
[2] K.A. Verschuur, "Neutron Transport Calculations in Support of Neutron 

Diagnostics at JET", ECN-86-097. 

A194 



[3] M. Pillon et al, "Calibration of Neutron Yield Activation Measurements 
at JET", JETP(88)10. 

[4] G. Gorini et al, "Calculation of the Classical Triton BurnUp in JET 
Deuterium Plasmas", JETP(87)35. 

[5] O.N. Jarvis et al, "TimeResolved Measurements of Triton BurnUp in 
BeamHeated Deuterium Plasmas", Bull. Am. Phys* Soc. 32 (1987) 1838. 

[6] J.M. Adams et al, Proc. 14th European Conference on Controlled Fusion 
and Plasma Physics, Madrid, 1987, Vol III (1987) 1224. 

[7] C. Gowers and H. Salzmann, "First Results from the LIDARThomson 
Scattering System on JET", JETP(87)16. 

[8] J. Källne et al, "Triton BurnUp Measurements in JET Using Neutron 
Activation Techniques", JETP(88)9. 

Figure 1: 

Illustrating the range of 
conditions over which 
measurements of the triton 
burnup fraction have been 
obtained. 
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Comparison of experimental 
with calculated triton 
burnrup fractions for the 
subset of measurements with 
Zeff £ 3. The solid line 
f o r Pexp * Pth is provided 
as a guide to the eye. 

Pth(xl0
3
) 

A195 
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D. Schisselb, P.Colestocka, G.Hammetta, MZarnstorff* 

Oak Ridge National Laboratory, Oak Ridge,Tennessee 37831, U.S.A. 

P. Kupschus, A. Cheetham, B. Denne, M. Gadeberg, C. Gowers, Α. Gondhaiekar, 
Β. Tubbing 

JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, U.K. 

Pellet Injector System Description and Performance 

A threebarrel repeating pneumatic pellet launcher developed at ORNL is the 
principal component of a new plasma fueling system for the Joint European Torus (JET) 
[1,2]. This versatile device consists of three independent machinegunlike mechanisms 
equipped with highspeed extruders to provide solid deuterium to each gun assembly. The 
injector features nominal pellet sizes of 2.7 mm, 4.0 mm, and 6.0 mm, giving ideal 
volumeaverage plasma density increments of 0.82 x 1019 m*3, 2.66 x 1019 m"3. and 8.9 x 
1019 m"3, respectively, and has been qualified at repetition rates of 5 Hz, 2.5 Hz, and 1 Hz, 
respectively. Each gun can operate (individually or simultaneously) at the design 
repetition rate for 15s pulses. Pellet speeds in the repeating mode average 1300 m/s; in the 
singleshot mode, the performance is close to 150Ò m/s. Additional components of the 
ORNL pellet launcher system include: (1) an instrumented propeliam and fuel gas feed 
system; (2) injector diagnostics, including a fiberoptic pellet detection system and optical 
systems for remote monitoring of solid hydrogen extrusions and highspeed flash 
photography of pellets; and (3) a data acquisition and remote control system consisting of a 
programmable logic controller (PLC) and a computer/CAMACbased operator interface 
and data acquisition system. 

The balance of the installation at JET consists of the following JETsupplied 
subsystems [3]: (1) a launchertorus vacuum interface for differential pumping of propeliam 
gas and extrudate fuel featuring a 50m3 vacuum chamber equipped with an 8 x 106 L/s 
cryocondensation pump; (2) a liquid helium delivery, storage, and recovery system and fuel 
and propeliam gas distribution systems; (3) a fire control sequencer that provides timed 
trigger pulses for initiation of the extrusion process and programmable firing of pellets; (4) 
a microwave cavitybased pellet mass measurement system and an instrumented target 
array to facilitate aiming of all three guns; and (5) a PLCbased control system and 
computer operator interface for these subsystems. 

*This work has been performed under a collaboration agreement between the JET Joint 
Undertaking and the U.S. Department of Energy. 

aPrinceton Plasma Physics Laboratory, Princeton, New Jersey, U.S.A. 
bGA Technologies, Inc., San Diego, California, U.S.A. 
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The fueling system became operational on JET in October 1987. To date, plasma 
fueling experiments have been performed with the 2.7- and 4.0-mm guns operating in the 
multipellet mode. 

Pellet Penetration and Particle Deposition Profiles 

Penetration of the 2.7- and 4.0-mm pellets for ohmic plasmas without significant 
populations of suprathermal electrons agrees with the neutral and plasma shielding model 
[4], as shown in Fig. 1. Measured penetration is determined from vertical soft x-ray data in 
all cases. The calculated penetration uses Te profiles from second harmonic ECE data and 
riQ profiles from six vertical chords of an FIR interferometer. The 2.7-mm pellets have a 
pellet-by-pellet mass correction in the calculated penetration using the signal from the 
microwave cavity. The larger scatter in the 4-mm data may be due to pellet mass variation 
in the experiment; the calculated penetration is based on an average mass. Earlier JET data 
from 3.6- and 4.6-mm pellet experiments using the IPP Garching single-pellet injector 
show similar agreement with the model [5]. 

The gross particle deposition has been determined by volume integration of the 
density profiles after pellet injection. This gives, on average, 6.6 χ IO20 and 2.3 χ IO21 

particles for the 2.7- and 4-mm pellets, respectively, which corresponds to =70-75% of the 
pellet inventory as determined by the ideal pellet dimensions. The discrepancy results from 
a loss of pellet mass by erosion of the pellet diameter in the gun barrels. 

Details of the particle deposition in ohmic plasmas are illustrated in Fig. 2 by LIDAR 
Thomson scattering profiles taken within 20 ms of pellet injection. Figure 2a shows the 
plasma density profiles after the first and third pellets in a sequence of three 4-mm pellets 
injected into a 3-MA ohmic discharge at 1 Hz. The profile is strongly inverted after the first 
pellet (which penetrates to R = 3.4 m) but more centrally peaked after the third pellet, 
which penetrates to the magnetic axis. Central penetration is accomplished as the central 
electron temperature decreases from 4 keV to 2.5 keV during the fueling pulse. As shown 
in Fig. 2b, a deeper deposition profile can be achieved by injecting a 2.7-mm pellet a few 
milliseconds after the 4-mm pellet. This technique was used to produce the highly peaked 
density profile shown in Fig. 2c. The subsequent evolution of the density profiles in ohmic 
and auxiliary heated discharges is discussed by Kupschus et al. [6]. 

Plasma Fueling Experiments 

One of the primary objectives of the experimental program on JET is to produce 
clean, centrally peaked, high-density target plasmas for central and off-axis heating (ICRF 
and NBI) experiments. To date, the 2.7-mm and 4-mm injectors have been used for this 
purpose in X-point and limiter plasmas at up to 5 MA of plasma current. Plasma density 
buildup has been demonstrated in the startup and flattop phases of ohmic limiter and X-
point discharges using 2.7-mm pellets for pulse lengths exceeding 2.5 s. Figure 3 
illustrates the plasma density evolution from FIR data in response to injection of 2.7-mm 
pellets at 2.5 Hz starting 1 s into the discharge (at Ip = 1.5 MA) and continuing until the 
start of the current flattop phase of a 3-MA limiter plasma. In this discharge, a centrally 
peaked density profile is maintained in time as the second and subsequent pellets penetrate 
to and somewhat beyond the magnetic axis. This was accomplished by adjusting the 
fueling rate so that the central electron temperature was maintained in the range of 1.2-
1.3 keV throughout the fueling pulse. The volume-average density increases linearly 
during pellet fueling, and 75% of the particle input rate is accounted for in the rate of rise of 
the plasma particle inventory. Peak to volume-average density ratios in the range of 2-2.5 
are maintained during the fueling pulse, compared with 1.3 for gas puffing cases. The 
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peaking factor is sensitive to pellet penetration, as demonstrated by comparing Fig. 3 (shot 
14550) and Fig. 4 (shot 14545). The conditions of Fig. 4 differ from those of Fig. 3 in that 
the central electron temperature is higher (2-2.2 keV) during the fueling pulse, resulting in 
reduced pellet penetration (to R = 3.25-3.35 m). The density profiles are consequently 
broader, giving peaking factors of 1.75 and central densities 50% smaller than the values on 
shot 14550. While the volume-average density increments during pellet injection for these 
two cases are similar, the density decay after pellet injection is somewhat more pronounced 
on shot 14545, giving a 15% smaller volume-average density at the end of the pellet fueling 
pulse. The response of these profiles to auxiliary heating, which starts at 3.5 s, is discussed 
by Kupschus et al. [6] at this conference. 

Long-pulse plasma fueling has also been performed in the flattop phases of ohmic 
discharges using primarily the 2.7-mm gun. In limiter plasmas, the volume-average 
density can be maintained at 3.5 x 1019 m"3 at an injection frequency of only 1 Hz. 
Preliminary experiments in ohmic X-point discharges indicate that pellet fueling provides 
better control over the density level than gas puffing but that the fueling efficiency is lower 
(i.e., the plasma pumpout is faster) than in the high-recycle limiter plasmas. For 2.7-mm 
pellets that penetrate to R = 3.5-3.6 m (i.e., about halfway to the axis), injection 
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Fig. 3. Plasma startup with centrally 
penetrating 2.7-mm pellets at 2.5 Hz. 
Auxiliary heating starts at 3.5 s. 
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Fig. 4. Plasma startup with 
noncentral penetration. Auxiliary heating 
stans at 3.5 s. 

frequencies of 2 Hz are required to maintain the volume-average density in the range of 2 χ 
IO19 m-3. A more pronounced effect has been been obtained by injecting a 4-mm pellet 
(which penetrates to R = 3.15 m) followed by 2.7-mm pellets at 5 Hz. In this case, a central 
density of 5 χ IO19 rrr3 was sustained with a profile shape similar to that of Fig. 4. For 
conditions typical of the flattop phases of JET discharges, deep pellet penetration is not 
achieved with 2.7-mm pellets alone, and to date we have not observed density profile 
peaking as strong as that observed on ASDEX [7] with partial penetration. 

Summary 

A new multipellet long-pulse plasma fueling system is in operation on JET. In the 
initial experimental phase, a variety of plasma density profile shapes have been produced 
with peak to average values ranging up to 2.5 and peak plasma density up to 1.2 χ IO20 m-3. 
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Appendix 111(b) 
JETP(88)21 

(Invited paper presented at the 8th International Conference on 
Plasma Surface Interactions, Jülich, FRG, 2nd6th May 1988) 

Experience with Wall Materials in JET and 
Implications for the Future 

Ρ Η Rebut, Κ J Diëtz, Ρ Ρ Lallia 

λ variety or materiali have been used In JET for W A L L protection and high heat 
flux components. The machina Initially operated with metallic walls, but the 
Inner tur tace of the vessel (%200m·) ls now covered to more than SO» with One 
grain and carbon fibre reinforced graphite tiles. The remaining wall area is 
carbonized. This paper presents the materiels behaviour In the presence of 
plasma; their Influence on plasma properties; the conditioning methods 
employed; a discussion of future enhancements of inner wall components and the 
planned use of beryllium as an alternative to the present concept of an all
graphite machine. It Is essential for the further development of fusion that 
the experience gained in JET Is transferred to the next machine, which should 
produce a burning plasma on a scale msparahle to a reactor, such a proposed 
machine la a single null dlvartor tokamsk with tha following parane ters: la 
plasma minor radius. 7.im major radlus. elongation v.2, aspect ratio i2.S. 
toroidal field 4.ST. pulse duration 2000a and fusion power up to SOW. The 
underlying physics for the choice of these paramters and the basic design is 
presented. Based on this concept and the experience with materials In JET, 
the layout of limer wall components, as wall as pn»°<>''i'"«' tor plasma 
exhaust and refuelling are discussed. As a consequence of this assessment, 
open questions with respect to the physics of the plasma edge and materials 
properties are highlighted. 

Introduction 
The study of plasma facing components requires a reference design with 

data on machine configuration, operation modes, plasma edge parameters In 
normal and abnormal operating conditions, materials data and power levels. 

Tokamaks may employ limiters and/or divertors In a variety of 
configurations and the plasma facing components must be designed within 
boundary conditions Imposed by the envisaged machine configuration. 
Compromises will be required to take into account access restrictions for 
installation, required compatibility with remote maintenance, POSSIBLE 
Interference with diagnostics, and the need to Install sufficiently large 
surface areas to reduce thermal loads to acceptable levels. 

Requirements concerning power handling capabilities and resistance 
against eddy current forces result not only from the different plasma 
configurations (Xpoint. limiter, inner wall discharges) out also from the 
various opération moose. For example, JET employs a variety of plasma 
currents, toroidal fields, elongations and heating powers. The inner wall 
components must cope with all of these. Knowledge of edge parameters Is 
essential for the design of elements in direct contact with the plasma. For a 
maximum tolerable heat load on Inner wall components, the scrapeoff 
thickness end the power flux define the shape of the surface Intercepting the 
plasma. Particle fluxes and energies et the edge Influence Impurity release 
rates end determine the lifetime of highheatflux components. 

A variety of materials have so far been used for plasma facing components 
in JET. They range from nickel based alleys for the wall protection used 
Initially (1). to carbon fibre composites (CFC) [21 for areas of the vessel 
which are exposed to shinethrough from the neutral beams, m future, it is 
planned to employ «mealed pyrolytic graphite for the leading edge of a pump 
limiter [3] and the use of beryllium (4) has been proposed as an alternative 
to graphite for limiters and wall protection. 
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Wall Components 

In contrast to beam line carponents of the JET Neutral Injectors [5], 

which are actively cooled, all wall carponents in JET are inertially cooled 

during discharges. Consequently, the possible pulse duration is limited by 

the surface temperature, which is determined by the thermal diffusivity of the 

plasma facing material, raterial in contact with the plasma (so far, 

graphite) is cooled by radiation in the 10 to 20 minute intervals between 

discharges. This limits the possible duration of the interaction with the 

plasma to times of about 10s at full power. 

From the start of JET operation, fine grain highpurity graphite has been 

employed for the limiters. Based on good experience with graphite 5890 PT in 

TFR [6], this material was chosen initially. However, difficulties were 

experienced with the availability of the required six tonnes of graphite. 

Therefore, a study was initiated [7] and EK 986 was identified as an 

alternative. Data for the various materials used, and for others of possible 

future interest have been published previously [81. During the ohmic phase, 

four discrete limiters [9] were employed, and later, eight were installed when 

additional heating reached levels exceeding 1ÜMW. Extensive operational 

experience exists [10], and no failures occurred. Macroscopic surface damage 

was observed once only over an operating period of four years [11]. 

Belt limiters [12] are now in use, whose power handling capabilities 

exceed 40 MW for ten seconds. Again, fine grain graphite was selected as 

limiter material. Operational experience is good, but so far the belt 

limiters have received only ^25% of the designed heat load. 

For the walls and wall protection [1], Nicrofer 7216 {equivalent to 

Inconel 600) was used initially. After a short operational period, melting of 

the surface of the inboard wall resulted from the interaction with runaway 

electrons which were created during disruptions [13]. Tnis was avoided by 

changing to graphite as a low density lowZ material for wall protection. Ine 

energy deposition which was localized near the surface of the highZ material, 

is now distributed over a larger volume. For typical runaway energies of 

2040MeV, the electron penetration depth is now about 15cm. 

Damage was observed again when the wall protection was used as a limiter. 

The protection does not form a perfectly smooth boundary and the octantjoints 

[2], especially, protrude a few mm. Overloading occurred in these areas at 

the midplane of the inboard wall, and as a consequence, the tile material was 

changed to a carbon fibre composite (EMS 678). Operational experience is 

good, so far; in cases of* runaway impact, the graphite is eroded but remains 

structurally intact. In addition, carbon fibre reinforced graphite is used in 

areas where the shinethrough from neutral beams is intercepted by the inner 

wall. Power loads in excess of 30MWrrrJ can be sustained for a few seconds. 

Fine grain graphite would fail in fracture, under these conditions. 

In addition, damage to the top and bottom of the vacuum vessel was 

observed due to vertical instabilities. Eight poloidal rings (consisting of 

graphite) were installed to protect the vessel. These initially covered the 

octantjoints [14] and were used as well as energy dumps for Xpoint 

operation. The available surface area was not large enough and therefore 40 

poloidal rings are now installed. These cover the octantjoints and bellows 

protection plates [1]. The power handling capability is still limited to 

M0MJ in 2s. Improved water cooled dump plates, covering the top and bottom 

of the vessel, will be available for Xpoint operation in 1989. Fig.l shows 

the inside of the JET vessel in its present state. 

Wall Conditioning Techniques and Impurity Behaviour 

Typical procedures, following opening the vessel to air and prolonged 

personnel access, are to rinse the inside of the vessel with demineralized 

water followed by a twentyfour hours bakeout under vacuum at a temperature 

of 30ûeC. Then, R.F. assisted glow discharge [15] in hydrogen (deuterium) is 

carried out for about seventy hours. This operates typically at current 

densities of luAarr ' at a cathode fall of 300V, vessel temperatures of 300"C, 

neutral pressures in the lower 10" ' mbar range, and with pumping speeds of 

62001s"
1 for hydrogen. 

To reduce the metal contamination, plasma activated deposition of carbon 

from a deuteriummethane mixture was used (carbonization) and the vessel was 

covered by carbon films [16,17] ot thicknesses up to "\.lum. 

With increasing amounts of solid graphite in the vessel, it became 

apparent that the glow discharge conditioning with hydrogen (deuterium) 

became less effective and the oxygen concentration in the plasma increased to 

values of 12%. Residual gas analysis during conditioning showed that neither 

water nor carbon oxides were significant components in reaction products 

removed. Thes consisted mainly of hydrocarbons (acethylene ^50%, methane 30%, 

ethylene balance). 

Conditioning the vessel with tokamak discharges in helium resulted in 

decreased oxygen levels, and therefore, following a recommendation [18] of 

TEXTOR, glow discharge cleaning in helium was introduced. With this method, 

oxygen is removed in the form of carbonoxides and average removal rates of up 

to lOmbarl were observed for glow discharge times of ten hours. There are 

indications that improved plasma performance can be achieved using this 

method. 

Carbonisation was frequently carried out to reduce the concentration of 

highZ impurities at the plasma centre. During a transient phase (20200 

discharges), depending on the thickness of the deposited layer [19], metals 

are suppressed to concentrations below 10" * and oxygen and carbon become the 

dominant impurities even at low densities [20]. 

For initial operations of JET, when there was only a negligible amount of 

graphite in the vessel, typical impurity concentrations in the plasma were 

23% carbon, 12% oxygen and ^0.2% metals. With increasing amounts of 

graphite inside the vessel, following helium conditioning and carbonisation, 

typical concentrations of metals (10"6  10"*) and oxygen (̂ 0.5%) decreased 

whereas carbon increased (typically 5%). 

The presence of carbon in the plasma was expected and cannot be avoided, 

whereas the source of oxygen contamination could not be identified 

unambiguously. However, it appeared to be related to the amount of graphite 

in the vessel and was therefore attributed to the absorption of water in the 

graphite and its release during discharges. 

Trie values of the effective charge, Ζ_ff, are close to two at the density 

limit, which indicate a dilution of about 20% in the core of the plasma [21]. 

This situation can be improved by pellet injection, in which Ζ f f values close 

to unity can be obtained [22], where the mechanism is dilution of impurities 

by increasing the hydrogen (deuterium) concentration. With helium glow 

discharge conditioning, Ζ « values less thi 

in 5 MA discharges with additional heating. 

The density limit of ohmic discharges was increased during neutral bean 

injection by about a factor of two, but initially it was not possible to 

achieve a similar increase with RFheating. Following heavy carbonisation 

this behaviour changed and it is now possible, with a reduction of highZ 

impurities, to run RFdischarges at densities close to those possiMe with 

neutral injection. The main source of highZ impurities are the antenna 

screens which release nickel into the plasma. Carbonisation suppresses this 

metal source temporarily, but it has drawbacks in problems with density 

control and recovery from disruptions. Tnerefore, it is proposed to replace 

the nickel screens with beryllium, and due to their higher electrical and 

thermal conductivity, active screen cooling is no longer required. 

Abnormal Operation Conditions 

It is generally observed in limiter tokamaks that during a disruption the 
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plasma thermal energy is dumped on the limiter end about 50% of the magnetic 
energy of the plasma current are dissipated in the vessel walls. The 
timescale ranges from hundreds of microseconds for the thermal dump to tens 
of milliseconds for the deposition of the magnetic energy. In addition. 
runaway electrons are produced in the decaying plasma by the voltage spite 
accompanying the current decay. The power loading of inner well components is 
rather localised during such an event and can only be accomodated by 
sacrificing ports of the surface which evaporate. In JET. a deposition of up 
to 500 Kin" * was observed ( 7 ) . The main reasons far disruptions are: due to 
exceeding the density limit (power radiated outside the q * 2 surface not 
balanced by power input) creating locked sodes (m ■ 2 . η  1) ; or by objects 
falling through or being injected into the plasma. The latter can be parts of 
the wall protection tiles, flakes of redeposited material. plasma probes, or 
molybdenum during neutral beam injection originating from flaking nolybdenum 
coatings on beam dumps. During high current radial disruptions (normal 
disruption) (up to 7MW or vertical instabilities, the forces acting or the 
vacuum vessel are calculated to reach values of 9001200 tonnes. Without 
additional stiffening of the vessel by internal rings and outer supports, the 
material of the vacuum vessel (Nlcrofer 7216 LC) can yield. In this case, the 
vessel lifetime would be reduced by low cycle fatigue to about 1000 
disruptions at full current. There are several possibilities to minimize the 
occurrence of disruptions (e.g. not to operate close to the density limit, to 

stabilize the m ■ 2, η ■ 1 modes before they lock and to have strict quality 
control for all invessel components). 

With the introduction of graphite as wall protection, density pumpout 
occurred during discharges when the wall protection was used as a limiter 
114,21). this phenomenon could be used to terminate beamheated discharges 
with densities above the ohmic density limit. Furthermore, helium 
conditioning of the inner wall [23] increased the pumping capability and made 
it possible to operate at low densities and high heating power in the hot ion 
mode. Wall pumping was not only observed with discharges at the inner wall. 
For divertor discharges In JET, when the bellows protection was used as plasma 
facing component, strong density pumpout was also found. 

Mechanisms governing wall pumping are not yet fully understood, λ 
variety of models exist ranging from assuming transient effects (24.25) 
similar to hydrogen pumping by metal walls [25.26), to the codeposition of 
hydrogen and carbon in form of saturated ΗC films 124.27]. To date, it is 
not clear what is the dominant process. Experimental evidence exists from 
JET, derived from gas balance measurements in ohmic discharges, which supports 
the codeposition model. Only 3040% of gas input during discharges can be 
found in the exhaust gas even after waiting for times up to 24 hours. To 
date, it is concluded that most of the deuterium introduced Into the JET 
vessel remains in the form of a deposited layer of hydrocarbons. 

Experiments on particle balance of heated and pellet fuelled dischargee 
aro being carried out. First results indicate a higher retention, as in ohmic 
discharges. If this can be further corroborated by experiments, there will be 
serious implications tor the tritium Inventory of machines with graphite 
walls. 
Future Developments 

During the 1988/89 shutdown starting at the end of 1988, major new 
components will be installed in the vessel. To stabilize the m2. n»l 
instability mode, eight saddle coils will be installed each with an area of 
\6m» covering one and a half octants. The coils each have three windings and 
will be driven with voltages up to *»kV, currents up to 5kA and frequencies 
from DC to IGkHz. They ore bakeable to 77}K and will be protected from the 
plasma by graphite. X point du > plates will be installed at the top and the 

bottom of the machine, whose surface in contact with the 
plasma will be i26m*. These consist of a watercooled support structure 
(Nlcrofer 7612) covered with 25sm thick CFC graphite tiles. These tiles are 
pressure contacted to the backplate. and will be inertially cooled. 

Existing wall protection will be modified to blend with the saddle coils and the dump plates. To prevent runaway damage and to allow for higher power 
loads during normal operation, more CFC graphite will be used and protruding 
edges will be removed from the inboard wall. 

In early 1990. two pump limiters will be installed. For the leading 
edges, inertia cooled annealed pyrolytic graphite will be used to sustain the 
expected power loads of 30 to SOMmr* for times of 310s. The surface 
temperature will not exceed 2200K in these conditions. Bonding of the 
pyrolytic graphite to the watercooled support structure is a problem still to 
be solved. Fatigue lifetime and degeneration of the material under high loads 
needs to be tested. The pump limiters will operate as stand alone limiters 
for a few seconds with a particle removal rate of 912% of the particles 
reaching them, in load sharing with the inner wall with removal rates of 46%, 
together with the belt limiter at a removal rate of 13% and with Lmode 
plasmas. Removal rates of M % are sufficient to balance the density rise due 
to neutral injection (20W at 140keV). 

The Use of Beryllium 
Preparations have been made to use beryllium as an alternative to 

graphite, In case major difficulties are experienced with graphite under high 
power loads In discharges of long duration. Problems might arise from 
impurity production, dilution, density limits, density control and tritium 
inventory, which could be less severe with the use of beryllium. High power 
long pulse operation in JET has not yet started and it is too early to arrive 
at firm conclusions about the future use of graphite. 

The antenna screens which have provided a continuous source of highZ 
impurities may be exchanged for beryllium which then will alleviate the need 
for carbonisation of thicknesses up to 1.5um. This process is unsatisfactory 
as the density and Isotope control become extremely difficult and, in 
addition, is detrimental to the operation of neutral beam injection. The 
carbon deposited on the copper duct scrapers must be removed manually after 
each carbonisation, otherwise it is transported by the beams into the plasma 
and leads to disruptions. 

Beryllium could be used at any time from the beginning of 1968 onwards. 
The graphite belt limiter and antenna tiles would be exchanged for beryllium 
and all other areas of the vessel in contact with the plasma could be covered 
by a beryllium layer of "vlOum thickness. Alternatively, only evaporation 
could be used. Four evaporators capable of evaporating 1 kg beryllium each 
are being tested and will be available for that purpose. For a few tens of 
discharges, the vacuum vessel would have a surface consisting mainly of 
beryllium. Details of the planned beryllium operation have been reported 
previously (4). The use of beryllium as a getter material has been strongly 
supported by gettering experiments with boron In TEXTOR 118], where the 
supression of oxygen impurity has proven to be beneficial for the plasma. 

Extrapolation into the Future 
Experience gained in JET can only be projected Into the future if the 

results obtained are relevant to the requirements of a next generation 
machine. It is clear that the problems already encountered In JET, will 
further increase when the plasma and wall parameters of a fusion reactor are 
encountered. The next step tokamak will have to tackle fully those problemi, 
since it should be relevant in size to a reactor and provide an ignited plasma for a duration of at least days in semicontinuous operation. The scientific 
and technical alms of such a machine should be to study a burning plasma, to 
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test wall technology, to provide a testbed for breeding blankets and above 
all to demonstrate the viability of fusion and its potential as an 
energy source. 

The physics results obtained so far in JET have shown or con finned 
several features of tokamaks, specially relating to heat and particle 
transport: 

With ohmic heating only, electron energy transport is anomalously high in 
comparison with expectations of neoclassical theory and shows a different 
scaling with plasma parameters. The ion energy and particle transport 
are also anomalous in JET; 
Ine confinement properties degrade further when additional heating power 
is applied (so far almost independently of heating method). With ICRF 
heating, plasma heating occurs mostly through very energetic ions, which 
exceed 1 MeV in energy at high power input, and which supports the idea 
that confinement degradation will also result frun αparticle heating; 
Ine electron temperature profile is resilient to changes in the input 
power, while the density profile can be changed more readily; 
The improved confinement observed in JET Ηmode plasmas exhibit the sane 
degradation with increasing additional heating power as Lmodes. The 
consequences are that an Ηmode may help to go through the "ignition 
pass", if the required additional power is moderate, but also that the 
benefit of the Ηmode would vanish when the reactor delivers its full 
output power; 

Global confinement in JET seems better described by an offset linear 
dependence between the energy and the power [28]. The linear energy 
increment is proportional to the current as long as the volume in which 
internal disruptions occur is not too large (i.e. when q , *3); 
The maximum density without disruption depends on the cleanliness of the 
plasma. This can be increased by pellet injection and by increasing the 
input power. The prospects of increasing the density above the normal 
Murakami limit in the presence of powerful αparticle heating looks 
reasonably good. 

An interpretation of JET confinement results, based on the existence of 
chaos in the plasma, has led to local transport laws which can describe JET 
results rather well (29,30). Expressed in terms of global scaling laws, the 
agreement is also reasonable as the fit found with the JET data points applies 
also to other Tokamaks. 

The relationship between confinement laws and the plasma beta (ratio of 
kinetic to magnetic energy) is difficult to identify, especially in the heat 
diffusivity coefficient. When the power input is very large compared to the 
ohmic case (i.e. the relevant case for a power reactor), the confinement time 
according to this interpretation should scale as: 

T^P^IaF
14 

where I is the plasma current, and R and a the major and minor radius, 
respectively. The exponent α was taken to be zero in the JET simulations and 
values above unity can be reasonably excluded. At the Troyon β limit, 
β = g ±= [31], the ignition product becomes: 1 aB 

(1a) 
(o|)

a IiBR* 

where q is the safety factor and g is a constant. 
As the product ηΤτ_ is a good measure of the 

thermonuclear DT plasma (as long as the temperature is larger than 7keV), 
this expression shows the importance of the current capability of the 
machine. 

Based on this analysis of results obtained in JET, it should be difficult 
to achieve ignition in most of the tokamaks so far being discussed or 

designed. To demonstrate the viability of thermonuclear fusion and its 
potential as an energy source, a tokamak is proposed 23 times larger than JET 
in linear dimensions, at a magnetic field of M.ST, with a current capability 
reaching 3ÛMA. A single null divertor configuration should be used to ensure 
helium exhaust and to possibly benefit from an Ηmode in enlarging the 
ignition domain. Confinement degradation for αparticle heating and Lroode 
behaviour is taken into account in the design. The additional heating power 
requirements are relatively low (s 50MW). The maximum thermal output of such 
a machine depends on the maximum density which can be achieved and on the 
ability to limit dilution of the plasma by helium and impurities. With Ζ ff < 
2 and a Murakami parameter M = n = = 15, the maximum fusion power should be 
around 4GW, with still a safety margin on the limit in β. 

The proposed machine is a true "Thermonuclear Furnace" because it has all 
the elements in contact with the burning plasma inside the vacuum vessel which 
will be required for a reactor. Cn the basis of the proposed design, problem 
areas related to wall components can be assessed and, based on JET experience, 
possible solutions can be discussed. 

The Thermonuclear Furnace 
The design should present only minimal technical risks. It uses 

conventional or proven technology as far as possible. The tokamak cross
section is shown in Fig. 2. The machine consists of twenty identical sectors, 
of which each one incorporates a toroidal field coil, the mechanical 
structure, part of the vacuum vessel and one integrated unit. Due to the 
boxlike shape, the sectors are strong enough to withstand forces during a 
disruption at full current. The sectors would be joined by welding lips and 
so form the vacuum enclosure. The material of the wall would be stainless 
steel (AINSI SS 316 or equivalent) of about 3 mm thickness. The wall would be 
watercooled, and at the same time, the water forms the blanket of thickness 
4060 cm. 

The plasma is in a single null divertor configuration. The divertor 
plates are exchangeable and it is possible to incorporate blanket test modules 
into the divertor supports. The plasma occupies about 50% of the toroidal 
field volume. Thus, a drastic relative reduction in costs could be achieved. 
In this proposal, copper coils are used to minimize the technical complexity 
and risk by reducing the number of concentric vessels and structures and by 
decreasing the neutron shielding requirements. Table I lists the main 
parameters of the furnace. 

wall Concept 
The design of the proposed machine aims at a plasma size comparable to a 

reactor. This results in modest requirements for the power handling 
capabilities, so that there is no need to develop new techniques for high heat 
flux components. The wall concept is based on graphite components covered 
with a renewable thin beryllium layer in order to block the chemical 
reactivity of graphite. Radiation cooling for inner wall components is 
envisaged as in JET and active cooling for divertor ccmponents. Heating by 
neutrons (nuclear heating) will produce the main thermal load for the inner 
wall components and contribute significantly to the divertor loads. 

The power output is rated at 0.54GW depending on the achievable central 
density. For further evaluation, a power production of 2.5(3rf is assumed. 2GW 
is emitted as neutrons, and the rest as αparticles. Power losses from the 
plasma are by radiation and conduction; convection and charge exchange 
neutrals are neglected. The radiation from the plasma volume is mainly due to 
bremsstrahlung and it contributes ^20% to the power balance. It is assumed 
that lowz radiation from the plasma edge contributes another 20% and a 
further 20% would be radiated from the Xpoint during Lmode operation. Half 
of the latter would be intercepted by the divertor plates which as well 
would receive 40% of the total power by conduction. 
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Table II sets out the basic data ¡or loads on wall components. These are 

averaged assuming equal power distribution on the respective components. 

Following experience on JET, all wall and divertor components would be lowZ 

materials (I.e. carbon, berylliun. boron and lithium or combinations). 

Wall Protection 

Pig. 3 shows a diagram of the Inboard wall. The wall protection consist 

of graphite tiles, which is radiation cooled. Pressure contacts are not 

considered to be sufficiently reliable. There would be two types of 

protection. The first forme a pololdal ring of 300mm width, in each sector. 

In a configuration reminiscent of the belt limiter In JET. The
 til

es radiate 

to water cooled fins which form part of the blanket. The thickness of each 

graphite tile would be 30nm and the depth SO to lOOntn. The cooling fins are 

recessed by 20mm. and therefore, 20mm of graphite can act as a sacrificial 

layer during disruptions. The second purpose of the tiles is to shield the 

rnrolrtnl field colls which are partly situated behind a gap in the blanket. 

Tile temperatures are mainly determined by nuclear heating and should reach 

M500K at the front surface. Situated between the rings is further protection 

over a height of Sm In the form of tiles similar to the wall protection In 

JET. These are well radiation cooled and have a thickness of 20mm. Their 

front temperature will also be 150ÛK. The rest of the Inside of the vessel 

would be carbonized. The material tor the tiles would be carbon fibre 

reinforced graphite of a type similar to that presently used in JET. It is 

not anticipated that the Inner wall protection presents any major problems 

during normal operation conditions. Fig.4 shows a threedimensional view of 

the Inboard wall. 

Divertor 

The divertor presents the main technical challenge in the design of inner 

wall components. This challenge is reduced to a level which can be handled if 

Che region of high power deposition is expanded over a larger area. This can 

be achieved by moving the Xpoint vertically or horizontally using the 

existing coll set (or preferably sets of internal coils), with minimal effects 

on the overall plasma geometry. Alternatively, the movement can be achieved 

by oscillating the divertor components horizontally. The main advantages of 

this scheme are: 

no need for absolute positioning of the divertor components with an 

accuracy of millimetres as in JET. Feedback control could be used; 

In spite of high local thermal loads the average loads remain small; 

heat transfer to the cooling medium corresponds to the average loads; 

HCotlim increases according to the ratio of peak load to average load.; 

to edítensete for erosion, material (beryllium, hydrocarbons) can be 

injected which would be deposited in areas with low loads; 

deposited and redeposlted layers are burnt off before they can flake and 

bofore large amounts of tritium could accumulate. 

For the movement, the limiting factor is the sweep frequency which must 

bo low enough so that additional coils are not required in the vacuum vessel, 

and must be high enough to minimize thermal stresses In the divertor material. 

As an alternative to this movement, use of liquid metals (lithium or 

borylllum) could bo envisaged to act as a divertor target producing a high 

dnnsity lonlred shield (plasma plugging. if possible), I n this paper only the 

relative movement between plasma and divertor will be discussed. 

Fig.5 shows a crosssection through the divertor region. The divertor 

platos extend above and bole** the Xpoint. In the downstream region. 

additional wall protection is Installed (cone between the divertor platee) to 

αν» t d direct Ur« of·sight between the plasma and the blanket and to protect 

the blanket against damage by loss of plasma control during a vertical 

Instability. The divertor receives only a moderate average power level of 

130 Wem » from radiation and conduction. The Xpoint can be moved horizontally 

and vertically to distribute the power load evenly over the whole divertor 

surface. As Η mode operation is not envisaged, the outer and inner part of 

the divertor plates can be used to this purpose. 

The material proposed for the divertor plates is carbon fibre graphite of 

40am thickness. It is brazed in blocks of 10 χ 10mm1 surface area to water 

cooled copper plates of lQnm thickness. The average heat flux (conduction 

plus nuclear heating) is tl.BMr*. This can be removed without having to 

resort to twophase cooling. In the proposed design, the peak loads on the 

surface during the sweeping of the Xpoint should be about x5 higher than the 

average load (MOM****). For the calculation of thermal response, the high 

thermal conductivity of the fibre graphite was not taken into account as it 

degrades at low neutron doses (MO 1 »cm1) to that of fine grain graphite [321. 

For a sweep frequency of 1Hz, the thermal stresses at the surface will be 

about 2SMPa in compression (limit lOOMPa) and the peak temperature will be 

M40QK. The material thickness ls mainly limited by the average load and the 

resulting front temperatures. An alternative set of parameters would be: 

60mm material thickness, sweep rate 3Hz, surface temperature 1600K and thermal 

stress 55MPa. Mare detailed calculations should take into account the 

annealing of radiation damage and a varying thermal conductivity inside the 

material. 

It is proposed that the graphite divertor should be covered with a thin 

layer of beryllium to employ the good properties of both materials. A 

beryllium carbide layer would be formed [33] at temperatures above 700K. It 

is envisaged that such a scheme should be validated In JET. 

The lifetime of the divertor plates is determined by the erosion due to 

particle impact. A detailed modelling of the plasma edge and the divertor 

region is required to assess the particle fluxes and energies, but is 

presently not available. Therefore, a worst case assessment is made. The 

energy (OOOeV) and the temperature (V750K) of the maximum sputtering yield is 

taken for the sputtering of carbon by deuterium. For 300eV ions and an 

energy transmission factor of 17 [341, the particle outflow from the plasma is 

7Χ10
11 particles per second. 

with a sputtering yield of 0.2 [351. this is equivalent to a removal of 

about 35 monolayers per second. Neglecting any Increase in lifetime due to 

lower particle energy, possible supression of chemical activity and 

redeposition, the lifetime would be at least two months of continuous 

operation at a level of 2.5GW. it should be mentioned that Ηmode operation 

might immediately halve the divertor lifetime, as the outer part might not be 

allowed in contact with the plasma and the loads would be doubled on the 

rest. 

It appears that a fast movement (sweep frequency >10Hz) of the Xpoint is 

difficult to achieve and therefore peak loads up to a factor five higher than 

the average loads can be expected for times of at least 0.1s. These should be 

taken by the thermal inertia of the divertor components and then be 

transferred to the cooling water at the moderate heat transfer discussed 

above. Lifetimes will not be affected as average loads do not change. 

Experience in JET shows that graphite fibre material is well suited to operate 

in such a way. 

For 2.5CW thermal output, the neutron flux density is 5.3xl0l,cra*1s1. 

To reach a dose corresponding to one displacement per annum, the plasma should 

burn for 216 days continuously (ldpa = 10ll
cnr'). This is in excess of the 

predicted lifetime of the divertor components in the above assessment. In the 

leng term, it would be necessary to validate schemes like the high recycling 

divertor or to develop liquid or plasma or gaseous energy dumps to arrive at 

lifetimes of several years. 
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In this proposal, Beryllium as a metal cannot be used as wall protection 
because the temperatures required for radiation cooling would be too high. In 
addition, it can not be envisaged for the divertor plates. The stresses 
induced during sweeping of the Xpoint (lOWnr1, 235MPa in compression after 
0.03s) requires execution of a cycle in a fraction of this time to avoid 
plastic deformation. Sweep frequencies higher than 10Hz are not compatible 
with internal coils (300V/tum required at 10Hz) and, therefore, the use of 
massive beryllium is not proposed. 

The design of the inner wall components and the divertor plates for the 
heat loads discussed above does not present major technical risks. However, 
the impact of the design on plasma behaviour was not assessed and the impurity 
behaviour in such a configuration must be studied. 

Disruptions 
Problems arise if longer b u m times than 200400 days are required or 

when abnormal operation conditions (disruptions) are taken into account. 
During a disruption, the thermal energy in the plasma is dumped onto areas in 
direct contact with the plasma and ^50% of the magnetic energy are deposited 
on the wall protection. The timescales will be many xlOO us for the divertor 
plates and many xlO ms for the inner wall, lhe energies considered are 
tl.SGJ for the inner wall and M.GJ for the divertor. Ine deposition area may 
be rather localized. It is clear that for the times mentioned, there exists 
no material which can take the resulting loads without melting or in the case 
of graphite, without vapourizing. At the inner wall; 30kg of graphite will 
evaporate for each disruption. In the case that one ionization step is taken 
into account during the interaction (plasma shielding), the amount of material 
lost would be only ^lOkg. The respective value for the divertor would be 
about 7kg. If such an interaction was not localized, several thousand 

disruptions could be sustained. 
It will never be possible to avoid disruptions completely. Therefore, 

each machine must have the capability of withstanding hundreds of disruptions 
without being destroyed. Unfortunately, the interaction with wall components 
is not yet fully understood and effort is required to study in divertor 
machines the pattern of power deposition and deposition times during 
disruptions, to model the interaction of materials with extremely high heat 
loads and, if possible, outside a tokamak, to verify the models by 
experiments. In addition, disruptions, as the source of this problem, should 
be controlled, and, therefore, schemes should be devised and tested to 
minimize their occurrence. 

Behaust and Refuelling 
Pumping of the proposed machine can be achieved with existing techniques. 

Here again, the physical size is beneficial because it allows installation of 
pumping ducts of sufficient crosssection. Each machine sector has two 
pumping ducts with an area of ^.Sm 1 each. Ine ducts with a length of 10m end 
outside the biological shielding. The conductance for deuterium is 
"^xlOUs

1
. A cryopump of vl.SxlO'ls*1 pumping speed would be installed at 

the end of each duct. Ine installed pumping speed at the divertor would 
therefore be ^lO'ls1 for deuterium and by using charcoal at 4K a similar 
pumping speed for helium could be achieved. The vacuum time constant would be 
about 3s. If during a detailed study, these values turned out to be too low, 
thermomechanical pumps [36] could be installed which would increase the 
pumping speeds by xlOO. 

Without a detailed study of particle transport for hydrogen and helium in 
the plasma, reliable predictions cannot be made for recycling fluxes and the 
pumped fraction. Models for αparticle transport cannot yet be verified 
experimentally. JET might contribute information as soon as a sufficient 
number of αparticles are produced. 

Refuelling can either be implemented by gas or by pellet fuelling or a 
combination of both. From observations in JET [22], pellet fuelling can 
produce densities far above the Murakami limit, reduce the Impurity 
concentration and increase energy confinement times. To obtain these 
favourable features, it seems necessary to inject the pellets at such speeds 
that they penetrate at least well beyond the q = 2 surface before 
ablation. For the proposed machine, speeds ÄlOkms"1 would be required with 
the necessary development of pellet injection. 

Summary and Conclusions 
Cnly lowz materials can be employed inside the JET vessel. Carbon in a 

variety of forms is extensively used for plasma facing components either as 
fine grain graphite, carbon fibre reinforced graphite or as a carbon film. 
Operational experience is generally good. However, the following 
problemareas have been identified: 

Wall conditioning, isotope and density control require wall temperatures 
above 250"C; 
Graphite seems to be the main source of oxygen; 
Frequent conditioning with helium is required; 
Carbon films on exposed areas have a limited lifetime; 
Carbon retains hydrogen introduced into the vessel in the form of 
hydrogenrich carbon films deposited during discharges, which leads to 
difficulties in density control, recovery from disruptions and tritium 
inventory; 
graphite is the main impurity at typically 3%, and leads to increased 
Ζffvalues and plasma dilution; 
Fine grain graphite, if overloaded thermally, is prone to fail in 
fracture. Carbon fibre reinforced graphite is extremely forgiving when 
thermally overloaded and should replace the fine grain graphite for 
plasma facing component, even if the thermal erosion may be higher. 
Extrapolation of results from JET show that high plasma currents are 

needed for a reactor which would be of such a size that confinement will no 
longer be the dominant issue. The main problems would be impurity production 
and their control, fuelling and exhaust and resistance against disruptions. 

Technical considerations such as stress levels in coils, wall loadings 
and economy suggest the design of a "Thermonuclear Furnace" with several GW 
thermal output. Its aims should be to study an ignited plasma with 
semicontinuous operation, to test wall technology and breeding blankets and 
to show the prospect of fusion as a reliable energy source. The most 
promising solution for the divertor is based on the movement of the Xpoint 
relative to the divertor plates, using graphite fibre material and to block 
the chemical activity by a beryllium layer. However, studies are required to 
validate this scheme. 

The technology to build such a machine exists but there are still 
uncertainties due to unavailable data. JET can contribute in filling this gap 
by providing information on: 

Particle fluxes and energies in the divertor region;  αparticle 
transport; 
Stabilisation of disruptions; 
Behaviour of beryllium as an alternative lowZ material; 
Deep fuelling of the plasma with high speed pellets; 
Tritium retention. 

Additional effort is required in the areas of: 
Erosiondeposition processes and their application to a reactor 
Interaction of solids with plasmas at GJ energies during periods of 
hundreds of microseconds; 
Properties of liquid/gaseous/plasma targets for the divertor; 
Plasma exhaust and refuelling. 
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TABLE 1 

Main Parameters of the Furnace 
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TABLE 2 

Loads on Wall Components 
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Fig. 1 The inside of the JET vacuum vessel in its present state showing belt limiter, 
octant-joint and bellows protection, inner wall protection and RF-antennae 

> 
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THERMO-NUCLEAR FURNACE 
GENERAL CROSS SECTION 

Fig. 2 Cross section of the thermonuclear furnace 

Fig. 3 Inner wall protection, plan view 
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Fig.4 Inner wall protection, three dimensional view. 
Carbonized area', poloidal graphite rings2, wall tiles3 

THERMO-NUCLEAR FURNACE D 1 VERTOR 

REGION UI TH MOVING X-POINT 

INNER 
D l VERTOR 

PLATE 

OUTER 
D E P O S I T I O N OIVERTOR 

AREA PLATE 

Fig. 5 Cross section through divertor area 
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Appendix III (c) 
JETP(88)26 

Plasma Performance in JET 
Achievements and Projections 

The JET Team* 

(Presented by A. Gibson) 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA, UK 

ABSTRACT 
An account is given of recent experimental advances on JET, especially as they relate to fusion performance. 
Scaling relations are used to identify the critical parameters which need to be optimised to secure the best fusion 
performance. Finally the established best performance of JET is used as a base to project the performance 
to be expected in future DT operation. 

KEYWORDS 
Fusion; Tokamak; Magnetic Confinement. 

1. INTRODUCTION 
The JET device has been described elsewhere (Bickerton et al 1987; Bertolini and Huguet et al., 1987). A number 
of major enhancements carried out in 1987 are listed in Table I. These new features have permitted the following 
new types of operation. 

(a) Routine operation and heating with plasma current, Ip, up to 6MA. 
(b) Xpoint operation up to 7p = 5MA. 
(c) Routine Xpoint operation with Ηmode up to 7p = 4.5MA. 
(d) Long pulse highpower operation (plasma duration up to 20s and heating pulse duration > 6s). 
(e) Total power to plasma up to 26 M W with a delivered energy in excess of 60 M J (up to 17MW from 

Ion Cyclotron Resonance Heating (ICRH), and up to 13 MW from Neutral Beam Injection (NBI)). 
(0 Total plasma energy content greater than 10 M J. 
(g) Operation with large additional heating and with small metallic impurity content ( — 10 ~4ne) and 

Ze/f=2(nD/ne~0.8). 
(h) Production and heating of high peaked densities using pellets (ne> 1020m~3).t 

Figs. 1 and 2 show typical magnetic configurations for high current limiter and Xpoint discharges. Fig. 3 shows 
an example of a peaked density profile produced by injection of 2.7 and 4 mm pellets of solid deuterium into 
a 2.5 MA, 3T ohmic discharge (see Kupschus et al., 1988), note that the peaked profile persists for more than 
2 s while the density decays from an initial 1.3 χ 1020m~3 to 0.6 x 1020ιτΓ3. Until recently attempts to apply ICRH 
heating to such discharges lead to a rapid flattening of the density profile typically in  0.2s. However, by in

jecting the pellet during the current rise phase, before the onset of the sawtooth relaxation, it has now proved 

CR 88 63 
* See Appendix 1 
t nf is the electron density, nD the deuterium ion density, Z,^ the effective charge number. 

ή denotes a value on the magnetic axis, quantities without a hat are volume average values, 
also indicated by a bar. 

A 2 1 3 



Table I 
Major enhancements to JET 

carried out in 1987 

Extensive improvements to the main poloidal 
circuit to give : 

improved X-point operation 
improved control of current rise phase 
increased volt-second capability 

New dual belt limiter system 
(carbon tiles on a water cooled base) 

plus, carbon tiles on all exposed surfaces 
(specially shaped at X-point target) 

Eight ICRF antennae between the belts 
(water cooled carbidised nickel Faraday 
screens; carbon side tiles) 

Second NBI box 
(first injection, into JET May 1988) 

Cryo pellet injection system 
(single pellet using Garching gun; 
multiple pellet using ORNL gun, in 
collaboration with US-DOE) 

Improved vessel mechanical restraints for 
disruption protection 

Increased diagnostic capability, especially : 
Time of flight laser scatter system (LIDAR) 
to measure Te(r); ne(r) 
Faraday rotation Polarimeter 
to measure Be(r) 

Z(m) 0 

- 1 

#15750 

lp = 6.1MA 

q¿=3,qC Y = 2.1 

full aperture 

R(m) 

Fig. 1 Magnetic Flux Surfaces inferred from external magnetic 
measurement and an equilibrium identification code 
(IDENTC)for a limiter discharge with 1p = 6.1 MA in JET. 

G88.140/5 
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 1 

 2 

# 15494 

lp = 4.5MA 

X point 

q =3.1 

2 3 
R(m) 

Fig. 2 JET magnetic ßux surfaces for an Xpoint discharge 
With I ρ = 4.5 MA. G88.140/6 

#13572 

Fig. 3 Peaked density profile produced by pellet injection into 
an ohmic discharge. JG88.I89/I 
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3MA/3. 
possible to sustain and heat the 
peaked density profile produced by 
pellet injection (Kupschus et al., 
1988). An example is shown in Fig. 4 
where the initial peaked profile with 
central density and electron 
temperature of 1.4xl020m~3 and 
0.4 keV is heated by 8 MW of ICRH 
over a 1.5 s period to a central 
electron temperature of 11 keV, ion 
temperature 8 keV, while the peaked 
density profile persists and the 
central density falls to 0.6 χ ΙΟ^πΓ3. 
At this time, ñe/ne = 2 and 
Te/Te = 4. This type of discharge 
will form an interesting starting 
point for the production of high 
performance plasmas in the next 
JET campaign. 

The rest of this paper is arranged as follows: Section 2 identifies the parameters which might limit fusion 
performance in JET and describes the values which have been obtained so far. Section 3 discusses the important 
question of the values which can be obtained in the core of the discharge and their relation to sawtooth behaviour. 
Section 4 discusses scaling relations. Section 5 describes the fusion parameters ñ TrE and Q already obtained 
in JET, while section 6 projects the values of these quantities which might be possible in DT operation in JET 
in the future. 

Fig. 4 ICRH heating of a peaked density profile produced during pellet 
injection in the current rise phase of a discharge. JG88.I89/2 

2. LIMITING PARAMETERS 
Three quantities play a particularly important role in determining the extent to which any magnetic confinement 
system can approach the plasma conditions necessary for a fusion reactor. They are the operating density n, 
the β value (ratio of plasma to magnetic pressure) and the energy confinement time TE. The ion temperature 
too is clearly important, but a number of tokamaks, including JET, have now demonstrated that the necessary 

temperatures can be obtained. 

0.4 
1'qcyl 

OH Shots 

.,.;' ./. 
nRq 

• „Y' ' · . r
=2

° 

• indicates point atter {~0.1s) 
pellet injection 

Fig. 5 Density limit diagram for JET ohmic heated discharges. 
G88.140/10 
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2.1 Operating Density 
Fig. 5 shows the range of densities over which 
JET has already operated with ohmic heating 
alone. The graph is a plot of \/qcy¡ versus ne 

R/BT where: 
qcyl = 5ABT/irRIp 

A = plasma crosssectional area 
Βγ = toroidal magnetic field on magnetic 

axis 
R  major radius of magnetic axis 
Ip = plasma current 
Units are m, T, MA 

It will be seen that normal JET ohmic 
operation is restricted to densities such that 
ne Rqcy,/BT< 12 x 1019m2 T"1, but that with 



1 < w * 

o o oo o o 

* 1 · · · occft] o q>»i m 

o NBI 
O RF 
D NBI + RF 

pellet injection this limit can be increased to ports«ithaaoitionaiheat.na 
20x l0 1 9 m" 2 T  1 . Fig. 6 shows a similar dia

gram for discharges in which substantial ad

ditional heating from ICRH, NBI or both is 
applied. Again densities up to the line 
nRqcyi/Br<20xiOl9m~2T~l are readily ob

tained. In the important JET operating range 
near qcyl2.5 operating densities up to 
ne~ 8x 1019nT3, corresponding to 
nR/BT=7x 1019 have been obtained. 

2.2 β Value 
Troyon (1984) used computational methods to 
establish a β limit in tokamaks for reasonable 
profiles, which is: 

ßTroyon = 2.Sx\02 Ip/BTa 
where a = plasma horizontal minor radius (Units are m, T, MA). 

Many tokamak experiments have shown that this limit can be obtained in practice. Fig. 7 shows the results 
of a series of experiments in JET at low toroidal magnetic field (5 r=1.4T) with ICRH heating, the series was 
limited to an ICRH power of 10MW, but the ratio ß/ßTroyon reached 0.6 with no strong deterioration in 

P D I A ^ TROYON 

1.0 

Js 
η,Ρ/Β^ΙΟ'ΊηΤ') 

Fig. 6 Density limit diagram for JET discharges with 
additional heating. G88.140/15 

MW 

Fig. 7 Ratio of β to Troyon value as a function of increasing ICRH 
power for a series of JET discharges. G88I4O M 
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confinement properties. Experiments using larger 
heating powers are planned to establish the β limit 
behaviour in JET. 

2.3 Energy Confinement Time 
The energy confinement time in JET ohmic dis

charges reaches values in excess of 1.2 s and has 
been discussed elsewhere (Gibson 1987). However, 
the temperatures reached in these discharges are 
too low for fusion, so the important confinement 
time behaviour is that in additionally heated dis

charges. Figs. 8 and 9 show the measured energy 
replacement time as a function of the total pow

er flow through the plasma. This quantity is the 
total power input (PT) (ohmic plus additional 
heating) less the rate of change of total plasma 
energy (áW/át). The discharges have been chos

en to be near steady state so that PT~l(.d. W/dt) is 
less than 0.1. Fig. 8 shows results for a wide selec

tion of JET limiter and Lmode Xpoint dis

charges at a variety of plasma currents (the 
confinement times shown come from diamagnetic 
measurements, which may over estimate by ~ 10 % 
for the 6MA discharges). The confinement time 
scaling given by Goldston (1984) is shown for com

parison. Fig. 9 shows similar data for Ηmode dis

charges (see Tanga et al., (1987) for a description 
of JET L· and Ηmode discharges). The Goldston 
scaling multiplied by two is shown for compari

son. In both cases, a characteristic fall in confine

ment time occurs with increasing power flow. The 
best confinement time in H mode discharges at 
low power is in excess of 1 s and comparable with 
the best ohmic discharges. At the highest powers, 
the best confinement times at present are about 
0.6 s, but the best Ηmode discharges at power lev

els in excess of7MW still have confinement times 
as long as 1 s. 

3. CENTRAL PARAMETERS AND 
SAWTOOTH BEHAVIOUR 
It will be shown in section 6, that the peak values 
of nD and T¡ in the centre of the discharge play 
a particularly important role in determining the 
fusion relevant performance of an experiment 
such as JET. In the past, these central values in 
tokamaks have been severely limited by the occur

rence of the internal relaxation or sawtooth 
oscillations, which cause repetitive collapses of the 
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Fig. 8 Measured energy replacement time as a function of total 
power flow for JET limiter and Lmode discharges. 
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Fig. 9 Measured energy replacement time as a function of total 
power flow for JET H mode discharges. 



central temperature and of the overall fusion neu

tron yield. It has been reported (Jacquinot, 1987), 
that in JET, spontaneous stabilization of this mode 
can occur, to produce a so called 'monster sawtooth'. 
This phenomenon has now been observed in many 
different additionally heated JET discharges: with 
ICRH; with NBI; with combined ICRH and NBI; 
in Lmode and in Ηmode; and with and without 
pellet injection. Cases have been obtained where the 
monster sawtooth period (i.e. period without a saw

tooth crash) lasts for more than 3 s, or about 6 energy 
replacement times. An important aspect of the 
phenomenon is that it allows peaked temperature 
profiles to develop and be maintained for long peri

ods. An example is shown in Fig. 10. It will be seen 
that starting with a very flat central electron tem

perature profile at the crash of the previous saw

tooth, a peaked profile is established after about 
0.7s, this peaked profile is then maintained until the 
end of the monster period when it crashes to give 
again a flat central distribution. Further informa

tion is given by in Campbell et al. (1988) and Bhat

nagar et al. (1988). 

It has long been speculated that the value of q^ 
(the number of times that a field line must encircle 
the major torus axis to complete one trip around the 
minor axis), near the magnetic axis of a tokamak, 
could not fall significantly below 1 and that the saw

tooth relaxation operated to maintain this value. 
Measurements by Soltwisch on the Textor tokamak 
(Wolf et al., 1986) have convincingly demonstrated 
that this is not necessarilly so. Measurements on JET 
show that during a monster sawtooth the value of 

16 
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(keV) 
8· 

4· 
' J 
WW 

1.8s 

ABCDE 

w 

ι #16066 

■ 

Td(0)  ECE 

^ V ^ w 

¿>= 
(MW) 
20 

% 10 

11 12 13 
Time (s) 

14 15 

(keV) 

3.0 3.5 
Major Radius (m) 

4.0 

Fig. 10 The development and maintenance of peaked electron 
temperature profiles during a monster sawtooth period. This 
particular discharge is in doublenull Xpoint configuration 
I ρ =3MA, BT=3.2T, qcy,=5 with Η minority ICRH heating 
of a deuterium discharge with 80keV D° NBL The electron 
temperature and plasma energy increase for the first 0.7 s of 
the monster reaching 12keV and 7MJ, the mean density 

ηφ on axis drops well below 1, reaching values of continues to increasefor the first 1.2s reaching 2.4 χ 10i9
m\ 

0.65 ±0.1. (O'Rourke et al., 1988). An example is after this time the gross parameters remain constant. The 
monster ends in a crash with an associated burst of MHD 
activity after a total of 1.8s, by this time the central ion 
temperature has fallen from its initial value ofUkeVto equal 
the final electron temperature of llkeV. 

shown in Fig. 11. In addition to the Polarimeter 
measurement, the figure shows, for comparison, two 
other estimates of ηφ on axis. The first is from the 
TRANSP code which accurately calculates the cur

rent profile development from field diffusion, in this code q(0) is arbitrarily set to 1 at each sawtooth crash 
and so is necessarily equal to 1 at the start of the monster period. The second estimate is from the magnetic 
measurement using the equilibrium identification code IDENTC. In this case, this code shows a surprisingly 
large q(0) = 1.7 at the start of the monster. In view of these uncertainties in absolute value, the scales for the 
two code estimates have been shifted to agree with the Polarimeter measurement in the diagram (the separate 
scales are shown so that the shift can be seen). It will be seen that all three estimates show a decrease in q(0) 
during the monster by Δ^(0)  0.15. The TRANSP estimate and the Polarimeter measurement agree well, the 
IDENTC estimate may show systematic differences but the values are within the experimental errors of the 
two methods. 

This behaviour of q(0) and hence the current density profile j(r) during the monster period, provides 
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encouragement that in the future, control of j(r) 
in JET, (for instance by Lower Hybrid Current 
Drive (LCHD)) should allow the sawtooth free 
period to be extended. 

4. SCALING RELATIONS 
Bickerton (1987) showed that a variety of scaling 
relations can give an adequate representation of 
JET global energy confinement time data. Here we 
consider just two relations, typical of the two main 
types. The first, typical of a power law dependence 
is that developed by Goldston (1983) from a study 
of many small tokamaks, which has proved 
remarkably successful in representing the confine

ment time behaviour in later large tokamaks. The 
second, typical of an Offset linear law' is that der

ived by Rebut and Lallia (1988), based upon the 
concept of transport in a system where the mag

netic surfaces, present in a true axisymmetric sys

, tern are, due to helical distortions, breaking down 
into overlapping island chains and ergodic regions. 
The two relations are shown in Table II. 

Figs. 12 and 13 show JET data with additional 
heating compared to the two scaling relations. Both 
relations fit the data well, the Lmode data is fit
ted with H = 1, the Ηmode confinement is substan

tially better with H=2. All the data lie within about 
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Table II 
Scaling relations 

Ip Pf05 R115 a"0 3 7 φ/α)05 

α Ρ ; 0  5 

α ΡττΕ ; independent of Ρτ 

= 3.7 χ ΙΟ"2 (from fit to small 
tokamaks) 

Fig. 11 The evolution ofq^ on axis from polarimetry (using 
the inner flux surface elongation from Xray tomography) 
during a monster sawtooth. 'TRANSP' and 'IDENTC'code 
estimates shown for comparison Ip =2MA. 

rERL = Η [CR « ° " Z°·25 < 5 Ip
0i L " 5 

+ cL ιρ ζ.1·5 ζ;"5] 
i.e. W(PT) oc k^+^Pr 

ηΤτΕ oc ΡττΕ ; shows a minimum vers 

CR = 5.2xl(T2, CL = 2.4X102 (from fit to 

Pf' 

L = [Rab]v' 
units: MA, MW, m, 1019m"3, tesla. 

JET data) 

In each case Η is a multiplier =1 for L mode data 
~2for Η mode data 

G88.119/2 

a factor 1.4 of the fit, there is some tendency for 
the Goldston fit to require Η slightly above the 
values quoted and the RebutLallia fit to require 
slightly smaller values of H. Figs. 14 and 15 show 
the two relations compared with data from a wide 
range of tokamaks. Again, both relations show a 
tolerable fit (now on a log scale). Almost all of the 
data lies within a factor 2 of the fit and the better 
confinement of the Η mode data (JET data only 
plotted) is apparent. 

5. VALUES OF FUSION RELATED 
PARAMETERS OBTAINED IN JET 
We define a fusion parameter 

X^ñiffr (m"3, keV, s)...(5.1) 
The importance of this parameter derives from the 
fact that in the important temperature range: 

7keV<7'(<25keV; 
the DT thermal fusion reaction rate coefficient 
< av > DT is proportional to Tf. 
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Fig. 15 Energy replacement time for a number of tokamaks 
compared with the RebutLallia relationship. G88.140/2 
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Fig. 16 Measured values ofñD TDTE as a function of TD in JET. 
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It then follows that 

P. 

0 0OO5 

0 0000 

n. (10" m
3
) 

»('»""""> ~2xKT2 2 X ...(5.2) 
PLOSS 

where the coefficient is correct for any reasonably 
peaked profile. That is for n(p)/ñ and T{p)/t 
α (1 + p2)a where ρ = r/a, the variation is ±10% for 
α„ + αΓ=1>4; for flat profiles the coefficient is 
3.3 xlO22. 

Fig. 16 shows measured values ñ¡f¡TE for a 
variety of discharges in JET. The best value of 
~3xl02Om_3keVs is obtained for an Hmode 
discharge with a central ion temperature of 7keV. 
Also shown on Fig. 16 are curves of constant 
Pa/PLoss or equivalently constant Q (the ratio of 
total fusion power released to total power input). 
These quantities are the values that would be rea

lised, from thermal processes only, in discharges 
with the same values of ñ{T¡TE and f¡ as those 
shown, if the deuterium ions were replaced by an 
equal mixture of deuterium and tritium. In order to take account of the fact that for most points on the dia

gram much of the ion temperature profile is at temperatures too low for equation (5.2) to be valid, the Q curves 
have been calculated by integrating over profiles with a„ =0.5 and aT= 1.5. It will be seen that on this basis 
the best nDfDTE value of 3 χ IO20 would correspond to 

Ö(thermal) = 0.10.2 or Pa (thermal)/Pz.OJJ = 2%4%. 

Fig. 17 shows observed values of QDD, the ratio of total fusion power released in the DD reaction in JET 
to power input. The values are obtained directly from the measured neutron yield, the largest observed value 
is QDD ~4xl0" 4 . The ratio of the thermal component of Q for a 50% DT plasma to that for a DD plasma 
in the same condition is about 200 for a mean Γ, = lOkeV. The ratio for the beam component is considerably 
higher especially if account is taken of the fact that in DT, JET beams will operate at 140keV instead of 70keV 
at present. Consequently the best present value of QOD = 4xl0~4 should correspond to a QDrwell in excess 
o f ö D r = 0 . 1 . 

6. VALUES OF FUSION RELATED PARAMETERS PROJECTED FOR JET IN THE FUTURE 

Fig. 17 Measured values ofQDD in JETas a function ofmean 
density. 

The expression 

can be written 

where 

and the units are MW, s, m, keV 

X = ñDf¡TE = y„ yTnD TjE 

X= 1.06 χ ΙΟ20 Ρτ τ\ y „y T /Rab 

y„ = ñ/ñ, yT=f/T 
b is the vertical minor radius 

.(6.1)* 

..(6.2) 

More formally the expression γη7Γ in (6.1) should be replaced by yp where7p = /5. Τ/η Τ where the bar now 
indicates the volume average of η T. 

For nearly all JET discharges however the quantity S=ñ.T/nTis very close to one and we shall use the form 
with 7,7 r because it gives better insight. However, it is worth noting that about 2% of JET limiter and Lmode 
discharges have S> 1.5 as do about 14% of JET Ηmode discharges. 
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Substituting the Goldston form for TE from 
Table 2 gives: 

Χ*Η2
Ίη yT II (R/a) 2 5 a ~°u ... (6.3) 

Hence for a given device the maximum Λ'is de

termined and is obtained by maximising: 

Η2
ΊηΊτΙ

2
Ρ .(6.4) 

The value of the peaking factor y„yT clearly 
plays an important part in optimising the value 
of the fusion parameter X which can be 
obtained. Fig. 18 shows the values of ñe/ñe 

versus ne for a large number of JET discharges, 
points are also shown after pellet injection. 
Typical values of ñe/ñe without pellets are —1.8 
and after pellet injection ~ 3. Fig. 19 is a simi

lar plot for fe/Te, a typical value for non

monster cases is ~ 2.2 and during a monster 
.period  2 . 6 . Fig.20 is a plot of 

(fe/Te) ' (ñe/ñe) versus qcyh points for Hmode 
discharges are indicated. For limiter and L· 
mode discharges a typical value is 4, somewhat 
higher in monster periods. Even for qcy/ values 
as low as 2.5 values of y„ yT of 4 to 5 are ob

tained. However, in Ηmode discharges the best 
values are about 3. 

We now calculate the quantities related to fu

sion performance which are listed in Table III 
and the quantities in Table IV which show the 
margin to the β limit and the operating densi

ty. We calculate these quantities for a project

ed Lmode discharge in JET in Table V and for 
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a projected Hmode discharge in Table VI. In each, case the projection is made in two ways: (a) by using the 
Goldston and RebutLallia coefficients given in Table II; (b) by adjusting the value of H to fit the confinement 
time observed in a particular (good) reference JET discharge. In each case, the values of the assumed plasma 
parameters are given at the head of the table and in brackets are given the values actually used or observed 
in the reference discharge. The machine parameters set for both Lmode and Ηmode discharges (PT, Ip etc) 
are expected to be possible with the equipment already installed on JET (the Ηmode value assumed for P7 

probably requires that a few MW of ICRH can be coupled in addition to the NBI power available at the as

sumed 150keV). The important plasma parameter assumptions in Table V and Table VI are the values of Zeff, 
qcyl and ynyT. The Zeff value is reasonable in view of present experience at high power levels and relevant densi

ties. The values of qcy, (1.8 for Lmode and 2.2 for Ηmode) have been demonstrating in JET by operating 
at reduced toroidal field. However the large size of the q = 1 region in these discharges generally leads to lower 
values of TE than would be given by the Goldston or RebutLallia relations. Using these relations at these low 
q values implies that this problem can be overcome, for instance by using monster type discharges where q{6) 
falls significantly below one or by controlling the current density profile with LHCD. The values assumed for 
γ,,γτare based on Fig. 20 which uses fe/Te for γτwheras the important quantity is T¡/f, for most of the range 
Te and Tj are fairly well coupled so the difference should not be important. The value 7„7r=4 at qcyt = l.S 
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assumed in the Lmode case requires some im

provement over the value of ynyT
=35 in Fig. 20. 

The value of 7^7·= 1.5 at qcy¡ = 2.2 assumed for 
the Ηmode case corresponds to observed values 
in Fig. 20. The difference in assumed peaking fac

tor leads to similar performance predictions for 
Lmode and Ηmode projections and this differ

ence in assumption is reasonable on the basis of 
present experience, where Ηmode discharges 
generally have flatter profiles (see Fig. 20). 

With these reservations we see from Tables V 
and VI that it is reasonable on the basis of present 
experience to expect that in DT operation JET 
will achieve the following parameters. 

"¡T¡TE 

"a(thermal)'"' 
"a(total)'" 
P„(MW) 
'¡¿thermal 
Sdtolal 

Loss 
Loss 

0.20.5xl02 1nT3keVs 
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Fig. 20 (η,,/nj · (Tg/TJ (representingy„ yT) verusq^./ Hmode 
points are indicated. G88.140 

The projected ß/ßTroyon ̂  05 and nR/BT< 4> 6 x 10 m T~ should be possible and the assumed mean density 
of  5 x 1019m3 should lead to 7"s 5 keV with the available heating power. 

If it proves possible to obtain larger values of γπ7Γΐη Hmode discharges (for instance by extending the com

bination of monster sawtooth behaviour and Hmode which has already been observed; or by using the LHCD 
system, which is in manufacture; or by using pellet densification and subsequent heating as demonstrated in 
the Lmode discharge of Fig. 4) then still higher values may be possible. Thus if 7„γτ = 3 could be obtained 
in Hmode the values given above would be increased by about a factor of 2. 

Table III 
Performance parameters to be calculated 

using the two scaling relations 

X = n,f,Tt = 1.06X1020 P r T f S n 7 r / 

f _ 2w, = 2/i f 
J
' n¡ + nf '

 Jt n,+nr 

Rab 

"¿"""""ί = 2x10"* 
"; oss 

ρ 
—°l'°"'l is calculated using the approximate 

relation "t*"""1 0.12rr(keV)/5 
'bram 

for  150keV D° injected into 50: 50 DT plasma 
we shall take PN.(tm = Vi PT for L mode 

and Pfram = PT for H mode 

Table IV 
Quantities which define the margin in β and η 

β 2PTTe 

ßrroyon RbI„BT 

ñrR ì.06xl020fePTTE 

Βτ 

or for Τ = 5 keV 

m, 
abBTT 

2.12xlO'9 / fPT£ 

abBj 

(according to fig.6 this quantity must be less than about 
7 x l 0 " m  2 T ' for 0^, 3) . 

or "t5 = 2.12xlO'V,PTt 
abR 

(this quantity must be less than the assumed density 
in order that Te can be > 5keV so that the expression 
for Pa/P,OJ, in table ΠΙ is valid). 
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Table V 
L Mode projected performance 

Assumed parameters (values for # 14959 in brackets) 
PT = 30MW (11.6) ΊηΊτ = A (4) 
Ip = 7MA (4) Zeff = 2 (2.5) 
ñe = 5 x l 0 1 9 m  3 (3.3) R = 3m (3) 

BT = 3.4tesla (3.4) q^, = 1.8 (3.2) 
a = 1.2m (1.14) b = 1.9m (1.8) 

Table VI 
H Mode projected performance 

Assumed parameters (values for # 15894 in brackets) 
PT = 15MW (7.4) ΊηΊτ = 1.5 (3.1) 
Ip = 6MA (3) Zeff = 2 (2) 
ñe = 5χ10 1 9 πΓ 3 (4.8) R = 3m (3) 

Βτ = 3.4tesla (3.2) qcy¡ = 2.2 (4.3) 
a = 1.2m (1.1) b = 1.9m (1.9) 

Quantity 

H 

TE(S) 

«/7ÌT£(1020) 

"a {thermal) ' "LOSS 

"a (total) ' "LOSS 

Pa ( M W U , 

^¿thermal 

\2total 

Ρ ' PTroyon 

(ñeR/B)T=5 

( ΙΟ ' Ίη"^ 1 ) 

/je7=5(1019m3) 

Using fitted 
coefficients 

Goldston 

1 

0.38 

2.4 

0.05 

0.09 

2.9 

0.25 

0.49 

0.25 

3.5 

3.9 

RebutLallia 

1 

0.51 

4.2 

0.09 

0.13 

4.7 

0.46 

0.78 

0.34 

4.6 

5.2 

Scaled from Pulse 14959 
which had « D £ 7 E = l x l 0 2 0 

Goldston 

1.17 
[Ηchosen to fi 

0.45 

3.3 

0.07 

0.11 

3.8 

0.35 

0.63 

0.3 

4.1 

4.6 

RebutLallia 

1 
TE(obs) = 0.4s] 

0.51 

4.2 

0.09 

0.13 

4.7 

0.46 

0.78 

0.34 

4.6 

5.2 

Quantity 

Η 

TAS) 

»,·7;τ£(1020) 

*a (thermal) ' *LOSS 

*a (total) ' "LOSS 

Pa (MW)(o(0/ 

^¡¿thermal 

\ltoial 

Ρ ' PTroyon 

(ñeR/B)T=5 

(ΙΟ^πΓ2^1) 

ÃW=5(10 l9nr3) 

Using fitted 
coefficients 

Goldston 

2 

0.92 

2.6 

0.05 

0.15 

2.6 

0.3 

0.9 

0.36 

4.2 

4.7 

RebutLallia 

2 

1.26 

4.9 

0.1 

0.2 

4 

0.5 

1.3 

0.49 

5.7 

6.5 

Scaled from Pulse 15894 
which had nD £τ £ =1χ10 2 0 

Goldston 

2.8 

RebutLallia 

1.7 
[ Η chosen lo fil τ£ (obs)= 1 s ] 

1.3 

5.2 

0.1 

0.2 

4.2 

0.6 

1.4 

0.5 

5.9 

6.7 

1.1 

3.6 

0.07 

0.17 

3.2 

0.4 

1.1 

0.42 

4.9 

5.6 



7. CONCLUSIONS 
7.1 JET has operated with up to 6MA of plasma current in a plasma with a volume of 120mJ. Operation 

has taken place in full aperture limiter discharges and in Xpoint discharges. Over 10 M J of plasma energy

has been produced. 
7.2 The best operation has produced ñD f, τ£ values of about 3 x 1020m"3 keV s, with 7¡ ~ 7 keV. The observed 

Qlw of 4 χ 10 4 would correspond to QDT substantially greater than 0.1 for a DT mixture with the same 
plasma conditions. Other operation has separately produced confinement times in excess of 1 s, ion tem

perature in excess of 15keV and central electron density in excess of 1 x 1020ιτΓ3. 
7.3 These parameters are already commensurate with those required in the plasma of a reactor. 
7.4 The observed scaling behaviour, when applied to parameters already possible in the JET design, but not 

yet exploited (i.e. high power operation at high current, in Lmode and Ηmode), suggests that in DT oper

ation JET should be able to obtain some 3 to 5MW of a particle power with: 
ñ,f,Tt~ 0.20.5xIO2'm"3keV s and Qwlal~0.51.4 (Qlhermal~0.30.6) 

7.5 If these conditions can be obtained, a particle heating of the plasma core will be evident and a secure base 
will have been established for the next generation of fusion devices. 

7.6 The most important conditions to be met to obtain this type of operation are as follows: 
a) The presently observed scaling behaviour must continue over the modest parameter extension that is 
required. 
b) The peakedness obtained in many present discharges must continue to be possible at higher powers 
and higher currents (similar qcyt). Any improvement in peakedness, for instance by extension of monster 
behaviour, pellet injection or LHCD would improve the projected performance. 
c) The control of impurities, fuelling and wall pumping must continue to give central Zeff~2 and keep 
the average density down to about 5 x 1019m"3 in the face of increased heating power. In the future, it must 
be possible to maintain a D/T ratio around 0.5. 
d) The ability to couple at least some RF power into Ηmode discharges is very desirable but has not yet 
been possible. 
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Appendix III (d) 
JETP(88)40 

High Power Ion Cyclotron Resonance Heating in JET 

The JET Team 
(presented by Dr J Jacquinot) 

ABSTRACT 

Ion Cyc lo t ron Resonance Heat ing (ICRH) powers of up t o 17 MW have been coupled t o JET l i m i t e r 
plasmas . The plasma s t o r e d energy has reached 7 MJ with 13 MW of RF i n 5 MA d i s c h a r g e s with 
Z e f ( .  2. When I . / B . =» 1 MA/T the s t o r e d energy can be 50 % g r e a t e r t han t h e Golds ton L mode 
s c a l i n g . This i s due t o t r a n s i e n t s t a b i l i s a t i o n of sawtee th (up t o 3 s ) and t o a s i g n i f i c a n t 
energy con ten t in the m i n o r i t y p a r t i c l e s a c c e l e r a t e d by RF (up t o 30 % of the t o t a l s t o r e d 
e n e r g y ) . C e n t r a l t empera tu re s of Te  11 keV and Tţ = 8 keV have been r eached wi th RF a l o n e . 
(He')D fus ion exper iments have given a 60 kW fus ion y i e l d ( fus ion r a t e of 2 χ 10 1 6 s  1 i n t h e 
form of e n e r g e t i c f a s t p a r t i c l e s (1^ .7 MeV(H), 3.6 MeVÍHe1*)) i n agreement with m o d e l l i n g . 
When t r a n s p o s i n g the same c a l c u l a t i o n t o a (D)T s c e n a r i o , Q i s p r e d i c t e d t o be between 0.2 
and 0.8 u s i n g plasma parameters a l r e a d y a c h i e v e d . For t he f i r s t t i m e , a peaked d e n s i t y pro

f i l e genera ted by p e l l e t i n j e c t i o n could be r e h e a t e d and s u s t a i n e d by ICRF for 1.2 s . 
E l e c t r o n heat t r a n s p o r t in t he c e n t r a l r e g i o n i s reduced by a f a c t o r 2 t o 3· The f u s i o n 
p r o d u c t n i 0 t c ; T i 0 r e a c h e s 2 . 2 χ 1 0 2 0 m _ 3 . s . k e v i n 3 MA d i s c h a r g e s which i s a f a c t o r of 2 .3 
t imes l a r g e r than with the normal d e n s i t y p r o f i l e . 

KEYWORDS 

ICRH, Tokamak, Confinement, Scaling, Fusion Yield, Heating Scenarios, Fast Ions, Pellet, 
Peaked Density Profiles. 

INTRODUCTION 

Fol lowing c l o s e l y a programme e s t a b l i s h e d in 1982, JET has completed t h e i n s t a l l a t i o n of 8 
antenna gene ra to r u n i t s in J u l y 1987. The power p lan t can d e l i v e r 2H MW for 20 s i n a wel l 
matched load placed a t the g e n e r a t o r o u t p u t . Taking i n t o account t h e l o s s e s i n t h e t r a n s 

miss ion l i n e , in the antenna s c r e e n and r e f l e c t i o n , t he maximum e f f e c t i v e wave power l aunched 
in the Torus was about 15 MW for usual plasmas c o n d i t i o n s . I t reached 17 MW in some c a s e s . 
This new antenna system i n c o r p o r a t e s m o d i f i c a t i o n s t o the i n t e r n a l s t r u c t u r e i n orde r t o 
of fe r a choice of kii s p e c t r a found usefu l in prev ious exper iments ( J a c q u i n o t , 1987a, 1987b). 

Since J u l y 1987, t he ICRF system has been mainly invo lved in 3 t o p i c s of the JET programme: 

( i ) High power h e a t i n g of " l i m i t e r " d i s c h a r g e s , i e with a boundary def ined by t he b e l t 
l i m i t e r or by the antenna s i d e p r o t e c t i o n . The emphasis was placed on high c u r r e n t 
(up t o 6 MA). A l i m i t e d number of exper iments were devoted t o high β t a r g e t s . 

( n ) High fus ion y i e l d exper iments us ing e i t h e r the fundamental c y c l o t r o n a c c e l e r a t i o n of 
the He3 m i n o r i t y ions to an energy c l o s e t o the maximum of t he (DHe3) f u s i o n c ros s 
s e c t i η (0 .4 MeV) o r , i n combinat ion with D beam i n j e c t i o n , t h e second harmonic 
a c c e l e r a t i o n of D ions t o maximise the DD fus ion r e a c t i o n . 

'F r l i s t f a u t h o r s , see A Gibson and o t h e r s , t h e s e proceed ings 
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F i g . 1. Time e v o l u t i o n of t h e antenna l o a d i n g r e s i s t a n c e , i n t e n s i t y of CIII l i n e r a d i a t i o n , 
volume average e l e c t r o n d e n s i t y and c e n t r a l e l e c t r o n t e m p e r a t u r e . Radia l eigenmodes modify 
R but have no e f f e c t on T e o and on t h e i m p u r i t y r a d i a t i o n from t h e e d g e . 

Rc(fl) MONOPOLE 

Re (Ω) 

B*0 (T) 

F i g . 2. Loading r e s i s t a n c e with monopole and d i p o l e phas ing . Eigenmodes appear only for 
monopole phas ing and a r e i d e n t i f i e d by t h e i r s p a c i n g dur ing a t o r o i d a l f i e l d s c a n . 
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( i i i ) Heat ing p e l l e t f u e l l e d d i s c h a r g e s with p a r t i c u l a r emphasis on a plasma t a r g e t 
e x h i b i t i n g a peaked d e n s i t y p r o f i l e . 

A very l i m i t e d amount of t ime was devoted t o coup l ing ICRH power i n t o s i n g l e n u l l X p o i n t 
plasmas . The r e s u l t was d i s a p p o i n t i n g as no Ηmode could be g e n e r a t e d or s u s t a i n e d . 
T h e r e a f t e r , the X poin t programme c o n c e n t r a t e d on u s i n g n e u t r a l beam i n j e c t i o n . 

This paper i s organ i s ed as f o l l o w s : 

The f i r s t pa r t d e s c r i b e s b r i e f l y t he ICRH sys tem. The consequences of i t s unusual f e a t u r e s 
a r e d i s c u s s e d , eg monopole versus d i p o l e and t he e f f e c t of t he s c r e e n a n g l e . 

The power d e p o s i t i o n p r o f i l e and t he energy s t o r e d i n f a s t p a r t i c l e s a r e d i s c u s s e d i n a 
second pa r t us ing power modula t ion dur ing monster s a w t e e t h t o i n v e s t i g a t e t h e power ba lance 
with i n c r e a s e d a c c u r a c y . 

The t h i r d par t examines the r e s u l t s of high fu s ion y i e l d exper iments and a t t e m p t s t o 
e x t r a p o l a t e the r e s u l t s t o t he most promis ing s c e n a r i o which i nvo lves fundamental c y c l o t r o n 
a c c e l e r a t i o n of a l a r g e m i n o r i t y of deu te rons i n a t r i t i u m plasma. 

The globa l performance in l i m i t e r plasmas i s the s u b j e c t of the next 2 p a r t s . The emphasis 
i s placed on the bes t o p e r a t i n g regimes c h a r a c t e r i s e d by on a x i s ICRF h e a t i n g producing l ong 
sawtee th and a l a r g e component of the f a s t i o n s . The r e c e n t improvement of c e n t r a l 
confinement ob ta ined with combined o p e r a t i o n of P e l l e t s and ICRF a r e a l s o p r e s e n t e d . 

The l a s t par t summarises the r e s u l t s and mentions the a rea of f u t u r e development . 

SPECIAL FEATURES 

Homodyne Drive and Eigenmodes, Monopole v e r s u s Dipole , Screen Angle 

The JET ICRF system has been desc r i bed p r e v i o u s l y (Kaye, 1987; Wade, 1985) and i t i s 
summarised by the f o l l o w i n g t a b l e : 

TABLE 1 JET ICRH System 

Power  8 u n i t s of 3 MW (20 s ) with 16 power t e t r o d e s . 

Frequency  23 t o 57 MHz in 8 p r e s e t f requency bands . 

Antennas  8 u n i t s , each with 2 i n p u t s with e i t h e r i n phase 
d r i v e (monopole) or out of phase d r i v e ( d i p o l e ) . 

 water c o o l i n g of the s c r e e n ( n i c k e l ) . 
 sc reen ang l e : 15° . 
 l o c a t i o n on t he low f i e l d s i d e between 2 b e l t 

l i m i t e r s (carbon t i l e s ) . 

Each un i t can be dr iven e i t h e r i ndependen t ly (he te rodyne d r i v e ) or by a common o s c i l l a t o r 
(h modyne d r i v e ) . The exper iments ana lysed in t h i s paper have a l l been o b t a i n e d in t h e 
l i t t e r mode of o p e r a t i o n which avoids problems of c r o s s  t a l k and beat o s c i l l a t i o n s between 
ad jacen t f r e q u e n c i e s . Homodyne dr ive imposes a phase r e l a t i o n s h i p in the antenna a r r a y . All 
power u n i t s a re dr iven at pre sen t with an i d e n t i c a l input phase . However, t h e phase of the 
output of the a m p l i f i e r u n i t s i s not moni to red . The phase c o n t r o l sys tem, t o be i n s t a l l e d 
after June 1988, w i l l allow t o launch a p a r t i a l l y t r a v e l l i n g wave ( d i r e c t i v i t y 20 t o 25 Í ) . 

k|| Spectrum and Eigenmodes 

The new antennae a r e equipped with c e n t r a l conductors having a wider t o r o i d a l e x t e n t ( il 0 cm 
i n s t e a d of 32 cm). This i n c r e a s e d width and the p r e c i s e phasing of the c u r r e n t f lowing i n 
t h e ._ c n d u c t o r s s e p a r a t e d by a l a r g e r gap (20 i n s t e a d of 10 cm) give a kii spectrum f a r more 
a c c u r a t e l y def ined than in a l l prev ious ICRF e x p e r i m e n t s . In monopole o p e r a t i o n , t he s p e c 

trum a t t h e antenna i s c e n t r e d on k η 0 with a hal f width of ± iJ.5 m~l ; in d i p o l e o p e r a t i o n 
•■he p t iu f the spectrum i s at kn  *■ ~ m"l and the hal f width i s ± 35 m~ ' . 
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With such a nar row s p e c t r u m , t h e c o u p l i n g r e s i s t a n c e (Rc = 2 ZQ
2 P/UA

2 ; ZQ c h a r a c t e r i s t i c 
i m p e d a n c e of t h e a n t e n n a , Ρ n e t c o u p l e d power, UA peak v o l t a g e of the a n t e n n a ) e x h i b i t s a 
p e r i o d i c resonance s t r u c t u r e when e i t h e r t he t o r o i d a l f i e l d or t h e plasma d e n s i t y i s scanned 
( F i g s . 1 and 2 ) . The r e sonance s t r u c t u r e i s more pronounced i n monopole o p e r a t i o n and when 
t h e plasma i s c o l d . A d e t a i l e d a n a l y s i s ( S t i x , 1975) has i d e n t i f i e d t h e s t r u c t u r e t o be 
r a d i a l eigenmodes of waves r e f l e c t i n g back and f o r t h between t h e low f i e l d s i d e c u t  o f f 
l o c a t e d c l o s e t o t h e o u t s i d e wal l and t h e i o n  i o n hybr id c u t  o f f noimal ly placed c l o s e t o t h e 
magne t ic a x i s . C a l c u l a t i o n s ( C o l e s t o c k , 1988) t a k i n g i n t o account t he damping of the f a s t 
magnetosonic wave due t o both mode conver s ion and d i r e c t c y c l o t r o n and e l e c t r o n a b s o r p t i o n 
a r e i n c l o s e agreement with t h e observed resonance s t r u c t u r e . 

I t i s impor tan t t o no te t h a t t h e s e eigenmodes have no i n f l u e n c e on t he h e a t i n g e f f i c i e n c y 
( F i g . 2) or on the i m p u r i t y r e l e a s e . However t hey pose a t e c h n i c a l c h a l l e n g e fo r t h e antenna 
matching sys t em. The JET matching feedback l oop based on t h e impedance t r a n s f o r m a t i o n a t t h e 
end of a long t r a n s m i s s i o n l i n e , produced by a smal l f requency change ( 50 KHz), has been 
e f f e c t i v e i n f o l l o w i n g t h e s e l a r g e coup l ing changes . 

Dipo le v e r s u s Monopole 

Opera t ion wi th t he d i p o l e phas ing when compared t o t he monopole phas ing i s c h a r a c t e r i s e d by 
t h e f o l l o w i n g a s p e c t s : 

(a) The coup l ing r e s i s t a n c e i s lower ( F i g . 2) and dec rea se s f a s t e r wi th plasmaan tenna 
d i s t a n c e . 

(b) The r a d i a t e d power and t h e n i c k e l con tamina t ion i s l o w e r . 

(c ) The power t h r e s h o l d for t h e monster sawtooth i s h i g h e r . 

Poin t (b) i s p a r t i c u l a r l y r e l e v a n t t o the exper iments with powers exceed ing 15 MW as t he 
amount of n icke l r e l e a s e d from the antenna sc reen may cause d i s r u p t i o n s . In hydrogen 
m i n o r i t y h e a t i n g , t h e n i c k e l c o n c e n t r a t i o n i s approx imate ly of f a c t o r 2 lower i n d i p o l e 
o p e r a t i o n . In helium 3 m i n o r i t y schemes , t h e r e d u c t i o n i s more pronounced and a dec rea se by 
a f a c t o r of ¿) has been o b s e r v e d . 

Since t he c a l c u l a t e d damping per pass i s l a r g e r 
i n d i p o l e phasing and with H m i n o r i t y h e a t i n g 
one i s tempted t o s u g g e s t t h a t edge a b s o r p t i o n 
enhanced by m u l t i p l e r e f l e c t i o n s i s r e s p o n s i b l e 
for t he impur i t y r e l e a s e . This e x p l a n a t i o n i s 
c o n t r a d i c t e d , however, by t h e o b s e r v a t i o n t h a t 
we have not found any c o r r e l a t i o n of the n i c k e l 
and carbon r e l e a s e with t he eigenmode s t r u c t u r e 
which i s a d i r e c t m e a s u r e of m u l t i p l e 
r e f l e c t i o n s . The exper iments with r e v e r s e 
t o r o i d a l f i e l d ( see below) s u g g e s t i n s t e a d t h a t 
d i r e c t slow wave coup l ing by t he antenna i s 
r e s p o n s i b l e for t he edge e f f e c t s induced by 
ICRF. 

Screen Angle 

The s c r e e n elements of the antenna s c r e e n s a r e 
i n c l i n e d by an ang le of 15° with r e s p e c t to the 
h o r i z o n t a l p l a n e . The elements a r e designed t o 
be a l i gned with the Tokamak magnet ic f i e l d in 
f u l l bore 5 MA d i s c h a r g e s . This design was 
chosen t o op t imi se coup l ing t o t he f a s t magnet

o s o n i c wave and t o minimise the e x c i t a t i o n of 
s low waves which r e q u i r e a f i n i t e value of En, 
the wave e l e c t r i c f i e l d p a r a l l e l to the s t a t i c 
magnet ic f i e l d . 

t (sec) 

F i g . 3· Evolu t ion of the c e n t r a l e l e c t r o n 
t empera tu re T e o for 2 v a l u e s of the ang le 
Θ, between t he s c r e e n bars and t he l o c a l 
magnet ic f i e l d : 0A = 5° for t h e "normal" 
case and 20° for t he " r e v e r s e " c a s e . 
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A se r ies of experiments (Bures, 1988) have been performed with 2 MA discharges (H minori ty, 
2.1 T) dif fer ing only by the di rec t ion of the s t a t i c to ro ida l magnetic f i e l d . With the 
"normal" d i rec t ion , the angle between the f i e ld and the elements was 5°, with the reverse 
d i rec t ion , the angle became 25 e . The overal l heating c h a r a c t e r i s t i c s are far bet te r in the 
"normal" case . In par t i cu la r : 

(a) The heating eff iciency (ΔΤβ, AW) i s 30 % higher . Figure 3 i l l u s t r a t e s the difference in 
Both d i s c h a r g e s swi tch t o a monster sawtooth, but the duration i s e v o l u t i o n of Τ eo* 

longer with the normal f i e ld d i r e c t i o n . 

(b) The re lease of nicke l , carbon, oxygen during the heating i s about a factor of 3 (Ni) and 
2 for (C and 0) lower in the normal case . The t o t a l radiated power i s 40 Ï of the input 
power in the reverse case compared to 30 % in the normal configurat ion. 

( c ) Rc i s lower in the reverse f i e l d case ( typ ica l ly 1.5 ohms in the "normal", 3 ohms in the 
reverse case) . The eigenmode s t r u c t u r e i s l e s s apparent in the reverse case . 

(d) The perturbation of the scrape off layer i s lower in the normal case ( less f l a t t en ing of 
the density and temperature p r o f i l e ) . 

These r e s u l t s suggest that an ICRF antenna can couple a considerable amount of slow wave i f 
the screen elements have an angle with the s t a t i c magnetic f i e l d . This slow wave does not 
contr ibute to bulk heating and may generate impurity re lease by edge i n t e r a c t i o n . I t i s 
l i k e l y t h a t , even in the normal case , a s igni f icant amount of slow wave power i s being 
coupled and i s responsible for some dele ter ious edge e f f e c t s . This i n t ep re t a t i on i s also 
compatible with the i n s e n s i t i v i t y of impurity re lease by the eigenmodes of the f a s t wave. 

DEPOSITION PROFILE, ENERGY STORED IN THE FAST MINORITY IONS 

In some condit ions, cal led "Monster Sawteeth" the plasma i s very quiescent during a period of 
up to 3 s . Modulation of the ICRF power during t h i s period gives accurate ins ight in the 
energy balance and in the power deposit ion prof i le (Tibone, 1988). So f a r , r e s u l t s have only 
been obtained in the He' and H minority case with monopole phasing. 

The response to t h i s modulation of the diamagnetic 
l o o p ( W d i a ) and MHD s i g n a l s (W

MHD ) shows t h a t 
about 75 ± 10% of the input power appears in the 
t o t a l stored energy (presumably the r e s t i s 
deposited in outer layers and i s not measured due 
to f i n i t e time response of the d iagnos t i c s ) . The 
same measurements used to derive the quantity 
^ " d i a " WMHD^3 show t h a t most of the RF power 
(up to 70 Í) f i r s t appears in the form of plasma 
energy with strong perpendicular aniso t ropic t a i l 
which subsequently relaxes on the e l e c t r o n s . 

Direct electron heating i s apparent in the He' 
minority case with an instantaneous response of 
local ECE measurements at the onset of each s tep 
of the square wave modulation. Direct electron 
heating amounts to about 5 to 10 % in the H minor
i ty case and 10 to 30 Í in He' minority heating 
case . 

The power deposition prof i le appears highly loca l 
ised in the v ic in i ty of the minority cyclotron 
resonance as already mentioned in a previous paper 
(Jacquinot, 1987). I t Is well described by a 
gaussian prof i le with a 20 cm efolding length in 
agreement with ful l wave or r ay  t r ac ing calcula
t ions (Tibone, 1988). 

In the quas i s ta t ionary s t a t e , the plasma contains 
a s ign i f ican t amount of energy s tored in fas t ions 
(W f ) . Figure 1 compares Wf e to a calculated 

2 ~ 3 
Wfso'PfrWZÍMJ) 

Fig. 4. Energy s tored in fas t 
par t i c l e s (fundamental resonance 
of m i n o r i t y s p e c i e s ) v e r s u s 

RF 
r
S o

/ 2 where T S O i s the c lass i 

cal Spitzer slowing down time 
calculated for the parameters of 
the plasma cen t re . 
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va lue W f g o based on S t i x ' s quasi l i n e a r t r e a t m e n t ( S t i x , 1975) of an e n e r g e t i c m i n o r i t y t a i l . 
Wj. e x _ i s deduced from t h e d i f f e r e n c e between t he d iamagne t i c energy and a thermal k i n e t i c 
e n e r g y (vo lume i n t e g r a t i o n of n e T e + n ^ T ^ ) . The o f f s e t i n F i g . H i s due t o s y s t e m a t i c 
e r r o r s . Wfso i s equal t o : 

W fso  PRF < T so > / 2 

w h e r e P R R i s t h e c o u p l e d power and < τ< RF 
e l e c t r o n d r a g u s i n g t he c e n t r a l va lue of n e and T e 

L S O > i s t h e c l a s s i c a l S p i t z e r s l o w i n g down t ime by 
(from t he ECE s y s t e m ) . A good agreement 

i s found between t h e s c a l i n g of t he 2 q u a n t i t i e s . The c a l c u l a t e d value i s a f a c t o r 2 t o o 
h i g h . The d i f f e r e n c e r e s u l t s from t h e use i n t he c a l c u l a t i o n of c e n t r a l va lues of η and T e . 
A f u l l c a l c u l a t i o n ( E r i k s s o n , 1988) i n c l u d i n g p r o f i l e s e f f e c t s i s i n c l o s e agreement with t h e 
o b s e r v a t i o n . 

W, . amounts t y p i c a l l y t o 15 Ϊ of t he s t o r e d energy i n usual b e l t l i m i t e r d i s c h a r g e s . I t can 
r each 30 % (about 2 MJ) for t h e l owes t d e n s i t y plasmas us ing a double n u l l X poin t conf igu

r a t i o n . The e n t i r e da ta base for W~ s c a l e s , as expec t ed , wi th Τ 3 / , 2 / n e s u g g e s t i n g t h a t t h e 
f a s t p a r t i c l e s have a c l a s s i c a l s lowing down t i m e . 

(He3)D AND (D)T HIGH FUSION YIELD SCENARIOS 

The fundamental c y c l o t r o n a c c e l e r a t i o n of He3 m i n o r i t y ions gives t he o p p o r t u n i t y t o s t u d y 
e x p e r i m e n t a l l y non thermal high f u s i o n y i e l d schemes and t o s i m u l a t e (D)T s c e n a r i o s where 
deuter ium would r e p l a c e helium 3· The b a s i c r e a c t i o n s a r e : 

D + He3 »■ Η Ο Ί . 7 MeV) + He"(3 .6 MeV) 
D + He3 »■ L^5 + Ύ 0 6 . 6 MeV) 

The second r e a c t i o n occurs with a much s m a l l e r p r o b a b i l i t y v i a t h e same r e s o n a n c e ; i t was 
used as a d i a g n o s t i c (measurement of the 16 Mev γ produc t ion ( S a d l e r , 1988)) t o monitor t h e 
f u s i o n y i e l d . 

F i g u r e 5 summarises t he expe r imen ta l r e s u l t s ( C o t t r e l l , 1988) . With 11.5 MW of ICRF in 3 MA 
p l a s m a s , about 60 kW of f u s i o n power has been gene ra t ed i n charged p a r t i c l e s co r r e spond ing t o 

PRISON 
(MW) 

14 h 

GAMMA 
YIELD 
COUNTS/s 

1000 

100 

10 

•'u 

P(us(kW) 

50 

20 
PRF (MW) 

F i g . 5. Fusion power from DHe3 

r e a c t i o n s versus coupled RF 
power. He3 m i n o r i t y h e a t i n g in 
a deuter ium plasma. 

10 

nea\= 6 1020 keV m3 

Zeff  1 

nD /nT =0.3 

no/nT =0.15 

(fc =20MW 

(J =10MW 

10 
ne (10

ö
m ) 

F i g . 6. C a l c u l a t e d f u s i o n power for 
D m i n o r i t y h e a t i n g i n a t r i t i u m 
plasma. The c a l c u l a t i o n t a k e s i n t o 
account t h e p r o f i l e s of t h e power 
d e p o s i t i o n and of the plasma 
p a rame te r s . Ρ i s t h e RF power 
coupled t o deute rone ( 85 % of the 
coupled RF power) . 
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an e f f e c t i v e Q  0.5 t and a fu s ion r e a c t i o n r a t e of 2 χ 10' This va lue i s by a f a c t o r 
3 l e s s than the c a l c u l a t e d optimum which i s reached when t he energy of the m i n o r i t y 
co r re sponds to the maximum of the f u s i o n c ross s e c t i o n . The measured f u s i o n y i e l d ag rees 
well with s i m u l a t i o n s based on Fokker—Plank c a l c u l a t i o n s and measured plasma parameters 
( E r i k s s o n , 1988). 

C a r r y i n g over t h e s e encourag ing r e s u l t s t o a (D)T plasma r e q u i r e s a number of a d j u s t m e n t s : 

( a ) The m i n o r i t y c o n c e n t r a t i o n n D / n T s h o u l d be i n c r e a s e d t o about 30 % and t h e e l e c t r o n 
d e n s i t y should be r a i s e d t o abo 

D Τ 
ut 6 1 Both measures avoid t h a t t h e energy of t he 

m i n o r i t y exceeds the optimum of the fus ion DT c ros s s e c t i o n . 

(b) The parameters quoted i n (a) n e c e s s i t a t e s us ing a d i p o l e phas ing (kii « 7 m~ ' ) i n order t o 
prevent mode convers ion at t he DT hybr id resonance r e s u l t i n g in d i r e c t e l e c t r o n damping. 
TTMP and e l e c t r o n Landau i n t e r a c t i o n s with t he f a s t magnetosonic wave i s e s t i m a t e d t o 
damp  15 Ϊ of the coupled wave power i n t o e l e c t r o n s i f Τ 

eo 10 keV. 

(c) The damping per pass i s expec ted t o be l a r g e (90 % per p a s s ) . I n t e r a c t i o n with t h e 
second harmonic resonance of t r i t i u m on the extreme low f i e l d s i d e i s prevented by 
l o c a t i n g the resonance e i t h e r on a x i s or s l i g h t l y s h i f t e d t o t h e low f i e l d s i d e . 

Figure 6 gives the enhancement of fu s ion r e a c t i v i t y expected from the deute r ium t a i l as a 
f u n c t i o n of P d > t h e RF power coupled t o t he d e u t e r o n s . This c a l c u l a t i o n i s a Fokker Planck 
t r e a t m e n t t a k i n g i n t o account ( E r i k s s o n , 1988) the p r o f i l e s of the power d e p o s i t i o n and of 
t h e plasma p a r a m e t e r s . The p r o d u c t n e o T e o has been f i x e d t o 6 10 2 0 (m  3 keV), a value 
achieved with 10 MW of ICRF being t he only a d d i t i o n a l h e a t i n g s o u r c e . Q 2 0.5 can be 
a c h i e v e d i f Z e f . fCan be m a i n t a i n e d c l o s e t o u n i t y . A s e l f c o n s i s t e n t s e t of parameters 
n e c e s s a r y t o achieve Q = 1 i s given i n Table 2. 

TABLE 2 Cond i t i ons for Q = 1 r e q u i r e d in a (D)T Plasma with ICRH a lone 

Power t o D t a i l 
n eo 

TE 
z e f f 

> 20 MW 
= 7 1 0 " m" 
= 0 . 2 
> 0.6 s 
< 2 

(MJ) Χ 11 MA 
O 2 MA 
O 33MA 
0 5 MA 
Δ 6 MA 

UMA 

Κ) 15 

W 
(MJ) χ 

 D 
0 

0 
Δ 

11 
2 

MA 
MA 

33 MA 
5 
6 

MA 
MA 

11 MA 

r
to( (MW) 

K> 

l o i (MW) 

F i g . 7a. St red energy (diamagnetic 
measurements) versus input power for 
H m i n o r i t y h e a t i n g and comparison t o 
t ne Gol d ston s c a l i n g . 

F i g . 7b. K i n e t i c s t o r e d energy 
(volume i n t e g r a t i o n of η T 
for t h e same d a t a s e t as Fig 

n
i V 

7a . 
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LIMITER PLASMAS, GLOBAL CONFINEMENT AND I p SCALING 

A new r e s u l t o b t a i n e d by ICRF h e a t i n g of l i m i t e r plasmas i s the a t t a i n m e n t of regimes i n 
which t he t o t a l s t o r e d energy can be up t o a f a c t o r 1.5 g r e a t e r than p r e d i c t e d by t h e 
Golds ton L mode s c a l i n g (Golds ton , 1984) ( F i g . 7 a ) . 

C o n t r a r y t o t he Ηmode, t h e r e i s l i t t l e improvement i n t he k i n e t i c energy c o n t e n t ( F i g . 7b) 
and most of the improvement comes from t he s t o r a g e of f a s t p a r t i c l e s and from t he development 
of a s t a b l e peaked t e m p e r a t u r e p r o f i l e . Table 3 summarises the c o n d i t i o n s f o r o b t a i n i n g t h i s 
r eg ime . The narrow power d e p o s i t i o n of ICRF and i t s s t a b i l i s i n g e f f e c t on t h e sawtee th play 
a major r o l e . 

TABLE 3 Cond i t i ons fo r Improved Sto red Energy in Limi te r Plasmas 

Peaked d e p o s i t i o n p r o f i l e : on a x i s ICRF h e a t i n g ( a l l m i n o r i t y s c e n a r i o s ) 
Long s a w t e e t h : T C T 2 tn·, i e monsters 
Moderate d e n s i t i e s 

V
B

« 

i S T . 1 _ 

n e < 4 101 

= 1 MA/T, eg q 
cm 

cyl 
l a r g e W f , i e W f/W 2 0.15 

3.3 

I n t h e b e s t c o n d i t i o n s , t h e i n c r e m e n t a l confinement t i m e , x i n c , r e a c h e s 340 ms i n 3.3 MA, 
2 .8 T plasmas ( F i g . 7 c ) . ^j_nc f i r s t i n c r e a s e s with I , r e a c h i n g an optimum (Bha tnagar , 1988) 
fo r I /B = 1 MA/T then dec rea se s t o = 220 ms i n 6 MA p lasmas . This behaviour i s c o r r e l a t e d 
wi th t h e per iod of the s a w t e e t h which a l s o r e a c h e s a maximum ("monster" of up t o 3 s ) when 
I /B  1 MA/T. 

At low or medium I v a l u e s , no d i f f e r e n c e i n s t o r e d e n e r g y i s found between t h e 4 ICRF 
s c e n a r i o s (H, He 3 , monopole, d i p o l e ) . At 5 MA with He3 m i n o r i t y h e a t i n g , l a r g e f i s h b o n e  l i k e 
a c t i v i t i e s d e v e l o p e a r l y i n t h e s a w t o o t h per iod and prevent t he r i s e of T_. Then i;nc i s 
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F i g . 7c . Inc remen ta l confinement t ime of t h e s t o r e d energy (d i amagne t i c ; DIA) and t he 
e l e c t r o n thermal energy con ten t (KIN(E)) ve r sus Ip /B^ 

on ly 250 ms i n t h i s r eg ime . I t i s not c l e a r why t h i s phenomenon does not appear i n t h e Η 
m i n o r i t y c a s e i n 5 MA p l a s m a s 
o b t a i n e d wi th a t o t a l input power of 15 MW 

I n t h i s c a s e f i n c i s improved (300 ms) and 7 MJ has been 

In t he s e r i e s of exper iments of F i g . 7a, t he t o t a l r a d i a t e d power was about 40 % of the i n p u t 
power. Since t he r a d i a t e d power i s peaked a t t he plasma edge , i t p lays no r o l e i n t h e energy 

•ba lance i n t he plasma c o r e . Z e f f
 w a s about 2 i n high c u r r e n t d i s c h a r g e s and i 3 below 3 MA. 

The c e n t r a l e l e c t r o n and ion t e m p e r a t u r e s a r e p re sen t ed i n F i g s . 8 and 9. W h i l s t T e 0 fol low 
a l i n e a r s c a l i n g w i t h P t o ( . / < n e > , t h e i o n t e m p e r a t u r e t ends t o s a t u r a t e showing t h a t t he 
hydrogen m i n o r i t y becomes decoupled from the plasma ions at high power d e n s i t y . Higher ion 
t e m p e r a t u r e s (up t o 8 keV) have been o b t a i n e d e i t h e r wi th He3 m i n o r i t y h e a t i n g ( S t a r t , 1988) 
a t high He3 c o n c e n t r a t i o n (11 Í ) and us ing d i p o l e phas ing or dur ing t he h e a t i n g of a peaked 
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d e n s i t y p r o f i l e produced by p e l l e t s i n 3 MA plasmas . In t he l a t t e r c a s e , T e o (ECE) 11 keV, 

i o 7 . 8 keV, wi th PRF =■ 7 . 1 MW. The η ι 0 τ Ε τ ΐ 0 va lues o b t a i n e d wi th ICRF i n l i m i t e r plasm as 
a r e summarised in F i g . 10. 
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F i g . 10. Fusion parameter , 
η, TrTjQ versus the c e n t r a l 
t empera tu re T i Q . 
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F i g . 9. C e n t r a l ion t e m p e r a t u r e versus 
p t o t / < n e >· T i o i s d e d l 

broadening of a Ni l i n e . 
P t o t / < η >. T i 0 i s deduced from Doppler 

F i g . 11. Evo lu t ion of t h e c e n t r a l 
e l e c t r o n and ion t e m p e r a t u r e for ICRH or 
NBI dur ing t he same d i s c h a r g e (3 MA, 
3.1 Τ, H m i n o r i t y in a helium p lasma) . 

I t i s i n s t r u c t i v e t o compare ICRF t o n e u t r a l bean (NBI) h e a t i n g in t he same p u l s e with t h e 
sane power in the c o n d i t i o n s c r r e s p o n d i n g t o the improved L mode s c a l i n g (3 MA, 315 T, 
H mi nor ι t y , di p o l e ) . 

A237 



The behaviour of the ion and electron temperature i s remarkably different (Fig. 11). With 
NBI, one always obta ins T i > Te while ICRF always yields Te > T i . Figure 12 shows that the 
radiated power with ICRF i s generally larger than with NBI despite a somewhat lower density 
(- 10 %) in the ICRF case. However the s tored energy i s s ign i f i can t ly higher with ICRF 
probably as a r e s u l t of a more peaked deposit ion prof i l e and longer sawtooth per iods . 

* Ni XXV 

(a.u.) 

12 

10 
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3.0 

Prad 
(MW) 

2.0 

2.6 
22 
18 
t4 Ι-
ΙΟ 
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F i g . 12. Evo lu t ion of n i c k e l c o n t a m i n a t i o n , c e n t r a l d e n s i t y and t o t a l r a d i a t e d power fo r 
ICRH and NBI dur ing t h e same d i s c h a r g e (same case as F i g . 11) . 

HEATING PEAKED DENSITY PROFILES 

I t has been sugges t ed ( F ü r t h , 1986; Schmidt , 1987) t h a t c e n t r a l h e a t i n g of a peaked d e n s i t y 
p r o f i l e genera ted by p e l l e t i n j e c t i o n (Kupschus, 1988) could l e a d t o improved energy 
confinement as observed i n TFTR s u p e r s h o t s . 

Recent exper iments have demonst ra ted t h a t t h i s improvement indeed o c c u r s . 
13b show t h a t : 

F i g u r e s 13a and 

(a) A r e h e a t e d peaked p r o f i l e can be s u s t a i n e d for about 1.2 s i n a 3 MA d i s c h a r g e wi th 
p e l l e t i n j e c t i o n at t he end of t he c u r r e n t r i s e . However, t he peaked p r o f i l e i s s u b j e c t 
t o a sudden i n s t a b i l i t y (cf F i g . 13a a t HH.H s ) which r e l a x e s the p r o f i l e t o t h e usual 
shape (a monser sawtooth Te p r o f i l e ) . 

( b ) The c e n t r a l e n e r g y confinement i n t h e peaked r e g i o n i s improved. For 8 MW of ICRF, T eo 
The T e p r o f i l e s t e e p e n s showing a d e c r e a s e r o s e t o 11 keV ( F i g . 13b) and T i 0 t o 8 keV 

of the e l e c t r o n energy t r a n s p o r t c o e f f i c i e n t i n t he c e n t r e by a f a c t o r 2 t o 3 compared t o 
t he r e l a x e d s t a t e . The fus ion product η ^ 0 τ ρ Τ ^ 0 reaches 2.2 10 2 0 m - 3 s - 1 keV, a value 2 .3 
t imes g r e a t e r than i n t h e normal l i m i t e r d i s c h a r g e s . 

CONCLUSIONS 

High "power ICRF h e a t i n g with up t o 17 MW has been p a r t i c u l a r l y s u c c e s s f u l in h e a t i n g plasmas 
r e s t i n g on t o r o i d a l b e l t l i m i t e r s . With RF h e a t i n g a lone c e n t r a l t e m p e r a t u r e s of T 11 keV 
and T; = 8 keV have been reached. H minority heating and moderate plasma current give the 
h i g h e s t incrementa l confinement time (τ;__ 
of up to 3 s have been obtained. 

= 3^0 ms). In these discharges monster sawteeth 

Peaked prof i les created by pel le t in jec t ion have been reheated by ICRF. In most cases the 
peaked prof i le disappeared in 0.5 s . During the peaked densi ty. phase, the energy confinement 
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I020m3 

time (s) 

F i g . 13a. Evolut ion of the densi ty p r o f i l e . A peaked p r o f i l e i s created by a t ran pe l l e t at 
^3 s . ICRF power i s ramped up from 43-2 to 44 s and maintained constant at 8 MW u n t i l 
H5.2 s . Note the sudden re l axa t i on of the p r o f i l e at 44.5 s . 

nkeV 

^ 3 ß 
Pellet 

F i g . 13b. E v o l u t i o n of t h e e l e c t r o n t e m p e r a t u r e p r o f i l e . Note t h a t the peaked T e p r o f i l e 
r e l a x e s a l s o a t 44 .5 s . The t ime a x i s has been r e v e r s e d i n o rde r t o show t h e shape o f t h e 
T_ p r o f i l e more c l e a r l y . 
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i n t h e p l a s m a c e n t r e ( r / a £ 0 . Ό i s i m p r o v e d and a f u s i o n p r o d u c t of 
n i o T E T i o = 2 · 2 1 ° 2 ° m~' s k e V * t h e h i g h e s t value i n JET l i m i t e r d i s c h a r g e s i s o b t a i n e d . 

I m p u r i t i e s a r e reduced when t he e lements of the antenna s c r e e n a r e p a r a l l e l t o t h e magne t ic 
f i e l d and when t he d i p o l e c o n f i g u r a t i o n i s used . High power ICRF h e a t i n g have been performed 
i n 5 MA plasmas with Ζ f f . - 2 . 

The h e a t i n g and impur i t y r e l e a s e i s una f f ec t ed by t he eigenmodes of the f a s t waves. These 
o b s e r v a t i o n s s u g g e s t t h a t , d e s p i t e t he f i l t e r i n g e f f e c t of the s c r e e n t h e an tenna l aunches 
some slow wave component r e s p o n s i b l e for t h e i m p u r i t y p r o d u c t i o n . 

RF dr iven high fus ion y i e l d s c e n a r i o s have been t e s t e d us ing t h e fundamental c y c l o t r o n 
a b s o r p t i o n of He3 m i n o r i t y i o n s . A maximum y i e l d of 60 kW has been o b t a i n e d i n t he form of 
charged p a r t i c l e s . The same d i s c h a r g e t r a n s p o s e d t o (D)T with D m i n o r i t y h e a t i n g would give 
Q = 0 . 2 . T r a n s p o s i t i o n of the b e s t peaked p r o f i l e h e a t i n g achieved today would give Q =0.8 
assuming Z e f f = 1. 

The JET ICRF system w i l l be modif ied t o al low for phas ing t h e 8 a n t e n n a e . A t r a v e l l i n g wave 
wi th an expected maximum d i r e c t i v i t y of 20 - 25 % i s expected t o modify s i g n i f i c a n t l y t h e 
g r a d i e n t of the s a f e t y f a c t o r i n t h e c e n t r a l r e g i o n . Screens with bars made of Beryl l ium 
w i l l r e p l a c e t h e p r e s e n t Nickel i n an a t tempt t o remove t h e r a d i a t i o n problem i n t h e H-mode 
plasmas and t o improve t he d e n s i t y c o n t r o l by a v o i d i n g c a r b o n i s e d s t r u c t u r e s . 
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Appendix III (e) 
JETP(88)34 

The JET Plasma Boundary with Limiter 
and Xpoint Discharges 

The JET Team 
(presented by Dr Ρ E Stött) 

Abstract 

The JET tokamak has been operated in various limiter and magnetic 
separatrlx configuratlons with ohmic. neutral beam and Ion cyclotron 
heating. Radial profiles of plasma density, temperature and particle 
flux In the scrapeoff layer have been measured and scalings with core 
plasma parameters have been established for the limiter discharges. In 
the magnetic separatrlx configuration. H modes with energy confinement 
times up to la have been obtained with neutral beam heating. There are 
large, localised fluctuations in the edge parameters which appear to be 
well correlated with the periodic global particle losses. The main 
impurities are oxygen and carbon. The only significant metallic impurity 
Is nickel which originates from the ion cyclotron heating antennas. 

1. Introduction 

JET Is a large tokamak [1) which can be operated with the plasma 
boundary defined by either material limiters or a magnetic separatrlx. 
Several different limiter configurations have been tested. Until the end 
of 198V JET had 4 discrete carbon limiters and 2 ion cyclotron antennas 
located in the mid plane on the outboard side of the discharge. In 1986 
these were increased to θ limiters and 3 antennas. The discrete limiters 
wore replaced in mid 1987 by two continuous carbon belt limiters, (figure 
II also on the outboard side but 1 m above and below the mldplane. 
Between the belt limiters there are now B ion cyclotron heating antennas 
with nickel surfaces facing the plasma and protected on either side by 
carbon tiles (figure 21. Since 1983 the lnconel wall of the vacuum 
vessel has been progressively covered by protective carbon tiles so that 
now some 5 » of the surfaces facing the discharge are carbon and in 
particular all of the prominent surfaces are protected. The carbon tiles 
protecting the inner wall of the vacuum vessel have also been used as an 
inboard limiter. The torus now contains approximately 6 tonnes of fine 
grain, high purity carbon (211. 

In the discharges bounded by a magnetic separatrlx. the main 
emphasis has been on the single null configuration with the X point at 
the top of the vacuum vessel [figure 31. but there have been some 
experiments also with double nulls (2.31. Several different arrangements 
of carbon tiles protecting the vessel in the vicinity of the X points 
have been tested and the present set consists of 32 poloidal bands of 
carbon(4). The JET vacuum vessel is constructed of inconel and is 
normally operated at temperatures in the range 300  350*C. The discrete 
limiters, the X point tiles and the protective tiles are all at or above 
the wall temperature, but the belt limiters and the ion cyclotron 
antennas (since 1987) are water cooled and thus may be at a lower 
temperature. 

The plasma boundary is studied by an extensive range of diagnostics. 
Radial profiles of electron temperature, density and parallel particle 
fluxes are measured with Langmuir probes. An array of 6 probes (3 facing 
in the electron drift direction and 3 in the ion drift direction) can be 
Inserted into the boundary layer using a probe drive system located at 
the top of the torus lb]. The probes are located at different radii and 
by moving the array between discharges a complete profile can be 
measured. Recently a reciprocating drive mechanism has been added 
allowing the probes to be inserted deeper into the plasma without 
overheating and providing a radial profile over 100 rim in ■*· 400 ms. 
Moveable Langmuir probes can also be Introduced close to the mid plane 
between the belt limiters. These moveable probes are supplemented by 
fixed probes in the belt limiters, antenna shields and X point protection 
tiles. For comparison between data measured with probes at different 
poloidal locations, corrections are applied for the volume between 
magnetic flux surfaces (usually referred to as flux surface compression), 
with these corrections the data are generally In good agreement. 

Information on impurity erosion and deposition at the limiter and 
wall surfaces is obtained from long term samples which are removed when 
the vacuum vessel is opened and from surface collector probes which can 
be inserted into the boundary layer at two positions and exposed to 
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se lec ted discharges. The probes provide spa t i a l resolut ion and can be 
rotated behind col l m a t i n g s l i t s to provide time resolut ion[6] . This 
paper provides an overview of JCT r e s u l t s . More de ta i l ed r e s u l t s wil l be 
found elsewhere in these proceedings. 

2. Plasma Parameters in the Boundary Layer 

a) Resume of r e s u l t s with the d i sc r e t e l im i t e r configurat ion 

temperature Τ (r) in the boundary layer have been reported previously for 
the d i sc r e t e l imi te r configuration using the moveable probes on the 
v e r t i c a l drive system and the fixed antenna probes. These r e s u l t s wil l 
be br i e f l y summarised here. Both Τ (r) and r \ ( r ) are well f i t t e d by 
exponentials . The plasma elec t ron densi ty η (r) can be deduced if i t i s 
assumed tha t Τ = Τ, . 

par t s oí the boundary.¡13) Thus there may not be an increase in the 
local ionisa t ion, despi te the strong increase in the nickel influx from 
Tho antenna screens. 

(iv) Combined Heating 

As might be expected, the effect of combined heating i s to 
superimpose the separate eti'c'.s of the component heating methods. Thus 
the boundary parameters are changed by the NBI i nd i rec t ly through the 
change in the core densi ty and temperature whils t the boundary i s 
modified d i r e c t l y by the local ised ICRH e f fec t s . I t i s d i f f i c u l t to 
separate these ef fec t s in de ta i l ed s tudies , pa r t i cu l a r ly since they 
depend on the r a t i o of ICRH to NBI power, and so the main emphasis has 
been to es tab l i sh empirical scal ings simply in terms of t o t a l power which 
can be used to ext rapola te the boundary parameters up to the maximum 
heating powers planned for JET. 

i) Ohmic discharges (b) The be l t l imi ter configuration 

The sca l ing of the edge parameters with the core plasma parameters 
has been studied extensively and reported previously 17]. As an example 
the dependence of the ion flux, elec t ron temperature and densi ty on the 
mean plasma densi ty i s p lo t t ed in Figure 4. The ion flux i s seen to be 
r e l a t i v e l y independent of the mean densi ty but the edge elec t ron 
temperature f a l l s and the edge densi ty r i s e s as a function of the mean 
densi ty . These data were a l l taken during a s ing le discharge in which 
the mean densi ty was s t ead i ly increasing with time during the current 
plateau, and thus the plasma may not have been in perfect equil ibrium. 
However s imi la r behaviour i s seen a l so in steady s t a t e condit ions when 
discharges a t di f fe ren t d e n s i t i e s are compared. Although the p a r t i c l e 
flux i s independent of the mean densi ty there i s a strong dependence on 
the discharge current . 

Detailed scal ings of the scrapeoff layer width ( i . e . the efolding 
lengths of the densi ty , temperature etc) as a function of the global 
plasma parameters such as discharge current and mean densi ty have been 
reported previously [7] . For example the densi ty sca le length gets 
shorter whils t the temperature scale length gets longer as the mean 
density i s increased. 

i i ) Neutral Beam Heating 

Measurements of the scrapeoff layer parameters have been made with 
neut ra l beam heating a t various discharge cur ren ts [8] . The mean densi ty 
r i s e s strongly throughout the in jec t ion period and so steady s t a t e 
condit ions are not usually reached. The edge temperature, which before 
in ject ion was fa l l ing due to the r i s i ng densi ty in the ohmic plasma, 
r i s e s immediately af te r in jec t ion , and then s t a r t s t o f a l l again as the 
densi ty r i s e s due to beam fueling. The slow t i ne sca le (0.3 t o 0.5s) of 
the change in the edge parameters when the beams are turned on ind ica tes 
tha t the boundary layer i s influenced by power and p a r t i c l e s diffusing 
out from the cen t ra l core ra ther than by d i r e c t deposi t ion a t the 
boundary. 

( i i i ) I o n Cyclotron Keating 

In cont ras t with neutra l beam heating there are c lea r indica t ions 
tha t ion cyclotron heating has a d i r e c t effec t on the boundary (9,10). 
The most serious effec t i s an influx of nickel from the antenna screens. 
The plasma edge densi ty and temperature increase Immediately when the ion 
cyclotron power i s turned on (unlike neut ra l beam heating where there i s 
a s ign i f ican t time delay) and the width of the scrapeoff layer 
increases with power (whereas with beam heating the width i s found t o be 
independent of power). The edge parameters and nickel influx during ion 
cyclotron heating a l so depend on the phase of the antennas ( i . e . dipole 
or monopole) and on the angle between the s l o t s in the Faraday screens of 
the antennas and the tokamak magnetic f ie ld . This angle determines the 
efficiency of coupling between the antenna and the fas t and slow 
magnetosonic waves. The r e s u l t s suggest tha t the coupling in to the slow 
wave i s responsible for the boundary ef fec t s observed with ion cyclotron 
heating [12] . 

Recent measurements have shown tha t there does not appear t o be a 
loca l i sed increase in the H l i gh t a t the antennas compared to other 

Results with the new be l t l imi te r configuration are q u a l i t a t i v e l y 
s imi lar t o those with the d i sc r e t e l imi te r s but there are seme de ta i l ed 
dif ferences . Langmuir probes have been i n s t a l l e d in the l imi te r t i l e s at 
di f fe ren t to ro ida l locat ions and these confirm tha t the plasmallmiter 
i n t e rac t ion i s to ro ida l ly symmetric to within a few mm [14]. Densit ies 
and temperatures in the boundary layer are lower with the be l t l imi te r 
than for s imi lar discharge condit ions with the d i sc r e t e l imi te r s and t h i s 
i s q u a l i t a t i v e l y cons is tent with the larger area of the be l t l i m i t e r s . 
The boundary parameters scale with mean plasma densi ty in a s imi lar way 
to the sca l ings already reported for the d i sc r e t e l i m i t e r s . Thus the 
boundary temperature decreases and the boundary densi ty increases as the 
mean densi ty i s increased. However, the boundary densi ty for the be l t 
l imi te r s has a weaker dependence on the discharge current than was 
reported for the d i sc re t e l im i t e r . 

The be l t l imi te r s introduce a topological change in the scrapeoff 
layer which i s now divided i n to two poloidal ly separated regions as shown 
schematically in figure 5a; a region between the b e l t s on the outboard 
( i . e . low to ro ida l f ield) side of the discharge which i s character ised by 
r e l a t i v e l y short connection lengths ( typical ly ^ 8 m) to the l im i t e r s , 
and a region on the inboard { i . e . high to ro ida l field) side which i s 
charac ter i sed by long connection lengths ( typica l ly ■* 60 m) [15] . The 
scrape off layer widths in these two regions are di f fe ren t . Examples of 
the edge densi ty prof i l e s are shown in figure 6. The scrape off layer i s 
wider in the outboard region (λ ■* 8.3mm) than in the inboard region (λ 
"> 6.1 mm). When the r a t i o of the connection lengths i s taken in to 
account, the effec t ive diffusion coeff ic ient in the outboard region i s 
larger than in the inboard region. 

Generally the broadening of the scrapeoff layer during ICRH i s l e ss 
with the b e l t l im i t e r s than with the d i sc re t e l im i t e r s but t h i s may be 
due to b e t t e r condit ioning. Typical changes are shown a l so in figure 6. 
The outboard scrapeoff layer does not change s ign i f i can t ly (the densi ty 
efolding length changes from 8.3mm t o 9.1mm). However there i s a 
subs tan t i a l change in the inboard scrapeoff layer (density efolding 
length increases from 6.1mm to 9.8mm). This i s surpr is ing since the ICRH 
antennas are located in the outboard region, and i s further evidence of 
the complexity of the in te rac t ion between the ICRH and the boundary 
plasma. 

Continuous prof i l e s in the boundary can be measured in a single 
discharge using the reciprocat ing dr ive , and i t i s possible t o see finer 
s t ruc tu re in the prof i l es (figure 7) . There i s a c lea r indicat ion of a 
change of slope in the densi ty and temperature prof i l e s and a maximum in 
the f loat ing poten t ia l which i s in te rpre ted as indicat ing the posi t ion of 
the l a s t closed flux surface. This I s a few cms outside the posi t ion 
computed from magnetic measurements but the discrepancy i s within the 
expected uncerta inty of the magnetic measurements. 

(c) X Point Configurations 

Ηmodes l a s t ing for ^ 2s were f i r s t produced during 1986 in the 
s ingle nul l Xpolnt configuration with up to 10 MW NBI i n to 3 HA 
discharges [3] . During 1987Θ8 the pulse length of the NBI has been 
extended to 6s, and the discharge current increased to 4.5 MA. The 
global energy confinement time exceeds Is but degrades with increasing 
neutra l beam power. 
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Measurements of profile« in cha scrapeoff layer of xpolnt 
discharges nave baan difficult dua to pretil ia» of positioning tha probe 
correctly In these elongated discharge·. Preliminary dau show (figure 
RI very steep gradients of density lust Inside the aeparatrlx for the H 
mode, but tha density in the scrapeoff layer during tha H sode la less 
than in Ohmlc discharges. In contrast there Is a auch —illar changa in 
the temperature «filch at tha asparatrlx Is possibly slightly lauer In the 
H mode than in tha ohmic phase. 

Tha acrapsoff layer intercepts tha tal l at the Xpolnt on a aet of 
special carbon t i les (figure 91. There are In fact tuo areas of 
Intersection on each t i le , corresponding to tha direction In which the 
field lines are followed in tha minina) direction, (figure 10) The 
pisana paramters near to the Xpolnt have been meaairart 1161 using 
an array of probes counted in the t i le and by measurements of Da 
radiation and bolces try. Typical data are shown in figure 11. Tha Da 
Intensity has bean measured in two places (1) at tha t i le (with a CCD 
ljMglng cenara) (11) at a point midway between two t i les . The Da 
signala and tha lon flux to the t i le all have the some general behaviour 
though there are acne detalled differences. During the chele phase there 
are email Inverse sawteeth, and there i s a large Increase In all tha 
signals during tha L mda when NBI i s first applied. After the H soda Is 
established there Is a sharp reduction in tha three signals. Tha 
ion f lux parallel to the magnetic field Is about 10 A en" ' In chele 
discharges and Increases by a factor ţ 2 in the L soda (the precise value 
depends on the neutral beam power), before decreasing again when tha H 
mode Is established. The corresponding values of electron temperature at 
tha t i le are * 30 eV in the chele phase a n d S 0  6 0 e V l n t h e H sode. 
Tha profile of T# across tha Ule Is peaked slightly outside the 
asparatrlx and i t is thought that this Is due to the effects of local 
recycling. Tha density i s larger and the temperature lower at the Inner 
Interaction region than in the outer region. For example In a 3MA. 2.1 Τ 
ornic discharge, η and Τ are 9 χ 10'»m» and lOeV at the inner 
region and 3 χ 10' ·»■ » and 30eV at tha outer region. The different 
value» of Τ at opposite ends of the sosa flux tube in the anata uff 
layer leads to different Shaath potentials and to a net flow 
of electric current, currents in the expected direction f r a outer to 
Inner regionor have been measured up to IDA cm ' In the comic phase and 
up to «0A cm·' during fluctuations associated with Eins [201. These high 
currents very randomly from probe to probe In the target t i le Indicating 
that the boundary i s turbulent during ELMs. 

along the viewing chord Indicating a substantial (ţ S χ 10*· partirlas 
per spike) additional recycling at the X point t i l e . While all of these 
measurements have large relative uncertainties, they indicate that a 
rapid outward convection of particles from the plasma boundary la 
associated with the ELMs and could cause the rnserver) global losses. 

Impurities 

The most important Impurities In JET are nickel, oxygen and carbon 
118. 19. 221. The concentration of nickel relative to the electron 
density verles from less than 10· In ohmlc discharges to more than 10"' 
in discharges with ion cyclotron heating. The nickel originates (rem the 
nickel Faraday screens on the Ion cyclotron enterras, and Is released 
only from antennas to which r.f. power Is applied. Thus the release Is 
not due to general changes in the scrape off layer during Ion cyclotron 
heating but sust Involve a very local)sart mechanism, possible the 
acceleration of partirles by local electric fields. The nickel 
contaminates the carbon limiters, and thus nickel concentrations in the 
discharge build up progressively during a aeries of discharges with ICM. 
The nickel i s eroded and the limiters progressively cleaned up during a 
series of ohmlc discharges. This Is an Interesting observation, showing 
that carbon limiters are self cleaning once the primary source of metals 
Is ι 

Oxygen concentrations are typically 0.5 to It of the electron 
density in deuterium discharges but are much lower In helium discharges 
indicating that the release mechanism Is chemical. Carbon concentrations 
are typically a few percent of the electron density and the main influx 
comes from the carbon Halters or X point t i les . The Influx due to 
physical sputtering has been calculated using measured velues for the 
temperature and Ion flux In the sciape off layer, and assuming that all 
of the carbon returns to the limiter and self sputters. These calculated 
fluxes increase with plasma current and decrease with the mean piasse 
density (figure 131. Quantitative comparison beo »en the calculated and 
measured fluxes is complicated by the contribution to sputtering of 
carbon by oxygen. Unfortunately the measured carbon Influx for these 
discharges is not available for direct canari son with the ralmlatert 
fluxes, but a similar dependence on current and density i s observed for 
the carbon concentration in the plasma (figure 141. This i s consistent 
with physical sputtering as the main release mechanism. 

During the H mode there era large fluctuations (ELM'S) in all the 
boundary parereters 117]. At t 14 a there is an H  L transition 
followed by periodic changas between the two modes which persist until 
the end of the mi. The power radiated from tha X point region Is not 
shown but verles in a similar way. Increasing from Ν 0.9 PH during the CH 
phase, to \ 1.2 M» In the L mode, decreasing to 0.8 nw at the onset of 
the Η mode and then rising slowly to Ν 1.2 MM with bursts up to 1.8 MX 
during the later L sods phases. The detailed analysis of minion! 
profiles across tha X point region has been discussed in more detail 
elsewhere (16.41. 

Recent experimental data show that the fluctuations localosed in the 
outer region of the discharge (r/a ţ 0.9) are Important to the physics of 
the Η mode. These strong edge fluctuations are characteristic of the low 
confinement (L mode) phase of X point discharge· with ΙΟΙ in contrast Go 
the relatively quiescent, high confinement (H mode) phase. The 
fluctuations are characterised by periodic spikes seen on many 
diagnostics, initially at a repetition frequency of 1  2 kHz at low 
heating powers, which slows to Ν 100 Kl before disappearing at the L  H 
transition. A typical series of ELMs Is shown In figure 12. Spikes are 
seen in a magnetic pickup coll located near to the X point, end these 
are correlated with spikes In the Ion current to the X point t i les , the 
Da emission tram the X point region, end density in the scrape off layer 
measured with a retlactometer in the aid plane. The reflectoaeter 
measures fluctuations about the density layer n% ν 4.3 χ 10" m'· which 
is located at r/a t 0.92. The magnitude of the fluctuation Is estimated 
to be Ν 1.1 χ 10·· m' i .e . a relative local fluctuation of ι 2 » . A 
second reflsctcmeter channel (not shewn) at a smaller minor radius 
Ir/a ·» 0.83) shews e such smaller perturbation. Indicating the 
localised nature of the perturbation. This local change in edge density 
is consistent with the change in the total number of electrons measured 
with a far intra red Interferometer. On a different discharge with 
similar conditions, fluctuation« of T# ·>. 20  30 eV have been meati tred at 
r/a · 0.93 using an ECE technique. The Da signal shows a 7 » Increase 

Conclusions 

JET has operated with several different limiter and X point 
configurations. Detailed measurements of the scrapeoff layer parameters 
have been made for e range of different core plasma parameters In 
discharge« with ohmlc. neutral beam and Ion cyclotron heating. 

In chimically heated discharges, the ion flux along field lines In 
the scrapeoff layer Is Independent of the mean density of the core 
plasma, but Increases with the diecharge current. However, the density 
of the scrape off layer Increases whilst the temperature decreases as the 
core density i s Increased. In discharges with neutrei beam heating the 
changes in the scrape oft layer are dominated by the increase In the core 
density which results from the beam refueling, m discharges with ion 
cyclotron heating there are clear Indications of localised heating 
effects In the plasma boundary  probably due to coupling of power at the 
antenna into the slow megnetcecnlc wave. 

Since add 1987 JET hes operated with two belt limiters on the 
outboard side of the discharge approximately la above and below the 
mldplane. The scaling of the scrapeoff layer parameters with the core 
plasma Parameters i s qualitatively similar to the acaUngs which were 
observed tor the earlier discrete limiter configuration, but there are 
ease quantitative differences resulting from the different topology and 
increased surface area of the belt Halters. In particular the region of 
scrapeoft layer between the two belts on the outboard (low field) side 
behaves differently to the region on the Inboard (high field) side. 

I n discharges bounded by a magnetic aeparatrlx rather than material 
limiters. JET has established en Improved continuem«, (Hmode) regime 
with neutral beam heating. The boundary plasma pari—teil heve been 
measured with mo »ahi e probes in the scrapeoff layer and with fixed 
probes In the X point t i les . The densities and temperatures measured 
with the t i le probes et apposite ends of the same magnetic field line are 
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different leading to a net flow of electric current along field lines in 
the divertor scrape-off layer. Fluctuations in the density, temperature 
and other edge parameters (ELM'S) have been measured, during the low 
confinement (L mode) phase. These observations are consistent with an 
out f lux of particles from the boundary coiparable to the observed global 
particle losses. 

The main impurities in JET are oxygen, carbon and nickel. The 
oxygen influx is much smaller in helium discharges than in deuterium 
indicating a chemical origin for the release mechanism. The carbon 
influx is mainly from the limiters and is consistent with physical 
sputtering being the dominant mechanism. The nickel originates fron the 
Faraday screens on the ion cyclotron antennas fron which it migrates to 
the limiter. Thus the nickel accumulates on the limiter surfaces and 
increases during a series of discharges with ion cyclotron heating. The 
limiters are progressively cleaned up by a subsequent series of ohmic 
discharges, as the nickel is eroded from the leading edges of the 
limiters and redeposlted at larger radii away frati the erosion zone. 
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Fig. 1 General view inside the JET vacuum vessel showing the belt limiters, ion cyclotron antennas and 
carbon protective tiles. 



Fig. 2 Close up of the new belt limiters and ion cyclotron antennas which have a nickel Faraday screen 
protected on either side by carbon tiles. 

A246 



Ζ (m) O 

Fig. 3 Poloidal cross-sections of (i) a limiter discharge (/P = 6.1MA) (ii) an X point 
discharges (/P=4.5MA). 
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Fig. 4 Scaling of edge density, temperature and ion 
flux with mean density in an ohmic discharge in the 

discrete limiter configuration. 
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OUTBOARD 
REGION 

Fig. 5 Schematic of the two regions of the scrape off layer in the belt 
limiter configuration. 
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Fig. 6 Profiles of edge density in the two regions of the scrape off layer 
for ohmic and ICRH discharges. To allow comparison between the 
data, in figures 6, 7 and 8 the probe scans have been corrected for the 
flux surface compression and the ascissae are in the outboard mid plane. 

A248 



Temperature 
(eV) 

Density 
(χΚΑτΓ

3
) 

Floating Potential 
(V) 

u u 

50 

20 

2.0 

10 

0.5 

0 ? 

50 

0 

50 

100 



|<W 

I 

°T&fc»ţ. 

ι 

^ 1 

*** 
1 

1 

J T —< 

ι 

ι 

^ ^ 

k. 

\ 
> 

8° 
o 

o 



■ 

ι ι 
10 o 20 40 60 80 

Plasma  Probe Distance 
Magnetics 

Last Closed 

ι 
Probe 
Flux Surface 

Fig. 7 Density, temperature and floating potential profiles 
measured with the reciprocating probe. The change in the slope 
in the temperature profile and maximum in the floating 
potential is interpreted as the true position of the last closed 

flux surface. 
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Fig. 9 Close up of the vacuum vessel showing the carbon tiles in the X point region. 
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Fig. 10 Schematic of the intersection of the scrape off layer with the X point tiles. 
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Fig. 11 Parameters during an X point discharge. Two traces of Da light 
are shown : the lower trace (Da(CCD)) is measured at the Xpoint tile; 
the upper trace (Da(POL)) at a point mid way (toroidally) between two 
tiles. Both show strong increases in Da emission during periods of 
reduced (L mode) confinement. The ion saturation current (ISAT) ' S 

measured with a langmuir probe in the tile surface. The total plasma 
density is measured with a far infra red interferometer. 
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CALCULATED INFLUX OF C FROM 
PHYSICAL SPUTTERING 
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Fig. 13 Carbon influx from the limiter calculated for 
physical sputtering (Donto C plus C self sputtering) 
using measured profiles of deuteron temperature and 

ion flux. 
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Fig. 14 Carbon concentrations measured spectroscopically. 
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Appendix III (f) 
JET-P(88)69 

JET contributed papers at the 17th Symposium on 
Fusion Technology (SOFT) 

(Utrecht, The Netherlands, 19th-23rd September 1988) 

Many Authors 

TITLE AUTHOR 
PAGE 
NO. 

1. The Design of the JET Lower Hybrid Launcher A.S. Kaye et al A258 

2. Conceptual Design of Plasma Exhaust Cryo- W. Obert and 
pumping in NET D. Perinic A263 

3. Cryopumping in the Active (D/T) Phase of 
JET W. Obert A268 

4. Prototype of a High Speed Launcher for JET K. Sonnenberg 
et al 

A273 

5. Conditioning of the JET Neutral Beam 
Sources 

H.D. Falter 
et al A278 

6. The JET High Temperature In-Vessel 
Inspection System 

T. Businaro 
et al A283 

7. Operational Experience of JET Surface 
Physics Diagnostics 

C.J. Hancock 
et al A288 

8. Full Power Operation at JET: Consequences M.A. Pick 
for In-Vessel Components et al A293 

9. Integrated Engineering Design of New In- M.A. Pick 
Vessel Components et al A298 

10. The Performance of JET PF System for 7MA 
Material Limiter and 5MA Magnetic Lioiter 
Operation 

A. Santagiustina 
et a l A302 

A255 



11. The Design, Construction, Installation and 
Testing of a Boost Amplifier for the Vertical M. Huart 
Field Power Supply of JET et al A309 

12. Alignment of the JET High Power Particle 
Beams 

P. Massmann 
et al A316 

13. A Numerical Model of the JET Poloidal 
Circuit 

P. Rutter 
et al A321 

14. Machine Utilisation and Operation Experience B.J. Green 
with JET from 1983 et al A326 

15. Diagnostics for the JET Multi-Pellet 
Injector 

W. Bailey 
et al A331 

16. New Piezo Driven Gas Inlet Valve for 
Fusion Experiments 

E. Usselmann 
et al A335 

17. Design of a Thomson Scattering Diagnostic 
System to Measure Fast Ion- and Alpha- J.A. Hoekzema 
Particle Distributions in JET et al A340 

18. Automatic Welding and Cutting of JET 
Standard Joint Configuration 

P. Presle 
et al A345 

19. A Dual System for the Stabilisation of the 
Vertical Plasma Position of the JET M. Garribba 
Experiment et al A350 

20. JET Neutral Beam Species Measurements by 
Doppler-Shift Spectroscopy 

G.H. Deschamps 
et al A355 

21. Design of the Protection Crowbar for the 
LHCD Klystrons in JET 

C. Christodoulopoulos 
et al A360 

22. The JET Remotely Controlled Welding 
System 

A. Galetsas 
and M. Wykes A365 
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23. 32MW ICRH Plant Operation Experience en G. Bosia 
JET et al A370 

24. Exhaust Detritiation System for JET A.H. Dombra 
et al A375 

25. Design of JET Lower Hybrid Current Drive 
Generator and Operation of High Power Test J.A. Dabbing 
Bed et al A380 

26. The JET ICRF Antennae Screen: Experience with 
the Actively Cooled Nickel Screen and C.I. Walker 
Design of a New Beryllium Screen et al A3 8 5 

27. Analysis of Vertical Instability in the JET R. Albanese 
Experiment et al A390 
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THE DESIGN OF THE JET LOWER HYBRID LAUNCHER 

A S KAYE, H B r i n k s c h u l t e , G Evans , C Gormezano, J J a c q u i n o t , S Knowlton, X Litaudon"1", D Moreau+ , 
M P a i n , J P l a n c o u l a i n e , C Walker , G Wilson 

JET J o i n t U n d e r t a k i n g , Abingdon, O x f o r d s h i r e , 0X1 i4 3EA, England 
+ Assoc ia t ed S t a f f from EURCEA, Cadarache , France 

A l a r g e lower hybr id c u r r e n t d r i v e l aunche r has been des igned for coup l ing 12 MW of 3.7 GHz power 
t o t he JET plasma for 20 second p u l s e s . The l aunche r u t i l i s e s t h e m u l t i f u n c t i o n t e c h n i q u e t o 
a c h i e v e 38U w a v e g u i d e s a t t h e g r i l l mouth i n a s i n g l e JET p o r t , with a c e n t r a l NM of 1.8. The 
des ign f e a t u r e s of t h i s l aunche r a r e d e s c r i b e d with d e t a i l s of t he p r i n c i p a l components and t h e 
r e s u l t s of high power RF t e s t s of t h e s e components . 

1. INTRODUCTION 

The JET program was extended i n 1986 t o 

i n c l u d e t he p r o v i s i o n of a s u b s t a n t i a l Lower 

Hybrid Cur ren t Drive (LHCD) sys t em. This 

system w i l l d r i v e forward c u r r e n t s i n t h e o u t e r 

r e g i o n s of the plasma, p r o v i d i n g a means of 

changing t h e r a d i a l c u r r e n t p r o f i l e . 

The LHCD program, t h e o v e r a l l system and t h e 

a n t i c i p a t e d i n f l u e n c e on t h e plasma have been 

p r e v i o u s l y d e s c r i b e d 1 , 2 . A t o t a l of 2k 

k l y s t r o n s producing up t o 15 MW a t 37 GHz w i l l 

be coupled t o a s i n g l e l a u n c h e r , g i v i n g a maxi

mum of 12 MW coupled t o t he plasma. This i s 

p r e d i c t e d t o d r i v e up t o 3 MA c u r r e n t , depend

ing on plasma c o n d i t i o n s and t he v a l i d i t y of 

the s c a l i n g r e l a t i o n s h i p s used . 

I t i s planned t o mount a t e s t l aunche r 

( s o  c a l l e d L<|>) on JET i n 1989, compr i s ing one 

s i x t h of t he f i n a l number of waveguides t o JET 

d e s i g n , and in a d d i t i o n , t h e same number of 

waveguides s u p p l i e d by t he TORE SUPRA team. 

Much of t he equipment of L<j> (vacuum v e s s e l , 

s i d e p r o t e c t i o n , p o s i t i o n c o n t r o l . . . ) w i l l be 

r e  u s e d i n t he f i n a l (L , ) l aunche r t o be 

i n s t a l l e d i n 1990. The des ign of the L<)> 

l a u n c h e r i s e s s e n t i a l l y c o m p l e t e and 

manufac ture i s wel l advanced. Pro to types of 

many of t he components have been t e s t e d a t high 

RF power under vacuum. 
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This paper gives an overview of t he des ign 

of t h i s l a u n c h e r , d e s c r i b e s in more d e t a i l key 

components of t h i s l a u n c h e r , and gives the 

r e s u l t s of RF t e s t i n g of t h e s e components. 

2. OVERVIEW OF LAUNCHER 

The des ign of the LHCD system was s e v e r e l y 

c o n s t r a i n e d by t he r equ i remen t t o d r i v e sub

s t a n t i a l c u r r e n t s us ing one main h o r i z o n t a l 

por t (0 . Ί χ 1 m ) . S c a l i n g from r e s u l t s on 

o t h e r machines and t h e o r e t i c a l models shows t he 

power r e q u i r e d t o be in excess of 10 MW. 

Exper imenta l d a t a gives a c l o s e p r o p o r t i o n a l i t y 

of maximum power d e n s i t y a t t h e g r i l l mouth and 

f r e q u e n c y . This de f ines a minimum f requency 

for t he given por t s i z e . I n c r e a s i n g the 

f requency i n c r e a s e s t he l o s s e s , demands t i g h t e r 

manufac tu r ing t o l e r a n c e s and i n c r e a s e s the 

number of guides a t the g r i l l mouth. Taking 

i n t o a c c o u n t a l s o t h e a v a i l a b i l i t y of 

k l y s t r o n s , a f requency of 37 GHz was adop ted . 

The s e l e c t i o n of Ν M i s a t r a d e  o f f between 

c u r r e n t d r i v e e f f i c i e n c y and a c c e s s i b i l i t y . A 

va lue of 1.8 has been chosen . The co r re spond

ing wavelength a c r o s s t he g r i l l mouth i s ¡ik mm, 

g i v i n g 8 wavelengths a c r o s s t he p o r t . A maxi

mum h e i g h t of 80 mm i s r e q u i r e d for s i n g l e mode 

waveguide a t 3.7 GHz. A value of 72 mm con

v e n i e n t l y a l lows 12 waveguides per column 



within the port. Thus a configuration of 48 
modules in 6 rows χ 8 columns, each module one 
wavelength (44 mm) wide and 2 waveguides high 
was adopted. Each of 24 klystrons is arranged 
to drive 2 modules in one column, giving a 
degree of control of the NM spectrum (± 0.3) by 
adjusting the klystron phase, whilst also 
enabling a convenient splitting network. 

FIGURE 1 
Mouth of the prototype multi junction module 

In order to optimise the spectrum under both 
matched and mismatched conditions, each module 
is subdivided into 4 waveguides at 90° phase 
shift between adjacent guides in each row. The 
resulting module is shown in Figure 1. The 
waveguide dimensions at the grill mouth thus 
become 72 χ 9 mm, with a 2 mm wall thickness, 
with 384 waveguides in total. 

Placing the windows close to the plasma 
avoids problems with multipactor arcing, but 
requires many windows in very inaccessible 
positions. JET is required to operate on 
tritium, and these windows must be able to be 
remotely replaced. JET has therefore chosen to 
locate them away from the grill mouth accepting 
the consequential requirement to treat the 
waveguide surface to control multipactor arcs. 
In addition, JET have chosen to use splitting 
networks inside the vacuum system to minimise 
the number of windows. A total of 48 windows 
are used at 250 kW/window, which is within the 
capability of established klystron window 
technology. 

The internal splitting is achieved using the 
'multijunction' technique. The JET design 
(Figure 2) uses 6 Ε-plane junctions and one 
Η-plane junction to divide each waveguide into 
8 at the grill mouth. Integral phase shifters 
are used to give the desired phase distribution 
at the grill mouth. An external 3 dB sidewall 
coupler is used to split each klystron output 
to drive 2 modules. The multijunction design 
is compact and convenient for large arrays, and 
also reduces the power reflected to the 
klystron. A significant disadvantage is that 
the Ε-plane junction is a 3-port Junction, the 
performance of which is sensitive to the 
amplitude and phase of the reflected power, 

DJ 
FIGURE 2 

The multijunction module 

Ρ 
α 
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which in turn depend on plasma conditions at 

the g r i l l mouth which vary during operat ion. 

Thus, under conditions of high re f lec ted power, 

both the amplitude and phase d i s t r i bu t i on at 

the g r i l l mouth are dependent on the ta rge t 

plasma. The Ηplane junct ion u t i l i s e s a 

matched load on the fourth port to a l l e v i a t e 

t h i s ef fec t . 

The estimated loss in the launcher i s 3 %· 

Under JET nominal duty cycle of 20 second 

pulses every 10 minutes, t h i s would requi re 

act ive cooling of the launcher. However, a 

factor 3 reduction in duty cycle enables rad ia

t ion cooling with an asymptotic temperature of 

c . 500°C. The launcher i s therefore not 

ac t ive ly cooled. 
* 
Disruption forces on the launcher are sub

stantial due to the vertical flux threading the 
waveguide. The flux diffusion time is typic
ally 0.1 sec for stainless steel guides, 3 sees 
for copper. For comparison, the worst case 
disruption is taken to be 7 MA in 7 msecs. The 
use of a low conductivity alloy such as stain
less steel thus strongly reduces the disruption 
loads. The use of low conductivity alloys, 
however, demands the use also of high conduct
ivity coatings to

 obtain acceptably low RF 
losses, which is both difficult and expensive. 
JET have opted to use coated stainless steel. 
The torque on the launcher is computed to be H 
Tonne.m. (primarily on the support structure). 

Matching of the launcher depends on the 
plasma density at the grill mouth. As the JET 
plasma position is constrained by other 
requirements, the launcher has been designed to 
be movable during the pulse using hydraulic 
actuators; typical response is 20 mm in 0.15 
seconds. This requires the use of a very rigid 
mechanical structure, and also the provision of 
a bearing inside the JET vessel. Whilst the 
design of this bearing is ongoing, the basic 
unit is a 50 mm diameter ball running in a 
conforming track. The launcher movement 

also requires provision of a 1.5 m diameter 
double inconel 600 bellows with 300 mm stroke 
and a fatigue life in excess of 10s cycles. 

The waveguide modules are fixed in the 
assembly at the grill mouth, where all modules 
are welded together. Thermal expansion of 
these waveguides is accommodated by individual 
bellows at the rear of the launcher. Operation 
of the external hybrid junction requires equal
ity of electrical length of the 2 driven 
modules; this is obtained by external physical 
adjustments. Radiation transfer will limit the 
temperature difference between adjacent wave
guide modules to less than 50°C, which is 
acceptable. A phase control system3 is being 
developed to measure the phase distribution at 
the grill mouth. Temperature variations 
between modules not driven by the same klystron 
can be compensated at the klystron. 

Passive waveguides are utilised either side 
of the launcher to improve matching at the 
sides. Graphite tiles surround the launcher to 
protect the grill mouth from the plasma. These 
are 5 mm forward of the magnetic surface 
through the grill mouth. Cooling of the tiles 
is by radiation to water cooled fins. 

The launcher is shown in Figure 3. 

FIGURE 3 
The LHCD launcher 
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3. DETAILED DESCRIPTION AND RF TESTING OF MAIN 
COMPONENTS 
3.1. Multijunctions 
The multijunction unit has been shown schem

atically in Figure 2. This unit is manufac
tured by machining from solid in 3 longitudinal 
sections with the VJoint at the centre line of 
the waveguide to avoid current flow across the 
Joint (but at the risk of increased electric 
field). Manufacturing tolerances are ± 0.2 mm 
on waveguide internal dimensions and ± 0.05 mm 
on Vgroom location. Each assembly is vacuum 
brazed to restrain thermal stresses in the 
reduced section. Each unit is internally elec
troplated with 15 microns of copper. 

Sections of brazed and clamped waveguide 
have been tested under vacuum up to 200 kW, 20 
second pulse with shortcircuit termination. 
The prototype multijunction has also been 
tested up to 200 kW, 20 seconds with short cir
cuit terminations on all ports, which gives a 
very nonuniform power distribution. A matched 
termination for the grill mouth is being 
manufactured for these high power tests. 

100 
Reflectivity 
Directivity γ *' L , 

0 45 90 135 ISO 

Position ol EPlane Junction I , (Deojees) 

FIGURE M 
Effect of Εplane junction length on grill 
performance for zero and ± 90° phase between 
adjacent modules 

The peak electric field in the waveguide 
reduced section is c. Ί kV/cm (at 20 % reflec
tion). This value was consistently obtained at 
Petula and has been adopted as the design cri
terion for the multijunction phase shifters, 
assuming uniform power splitting. The optimum 
length of the Ephaoe Junctions depends on the 
reflected phase at the mouth. This has been 
investigated numerically'· using the SWAN code 
and the results are summarised in Figure 1. 
Based on this data, the lengths indicated on 
this figure have been chosen. The Hplane 
junction has been designed under contract and a 
prototype unit tested at low and high power. 
This unit has no matching features on the long 
faces in order to facilitate machining. The 
multijunction length has been increased such 
that the electron cyclotron resonance lies 
within the plain waveguide section of the 
multijunction. 

The thermal diffusion time in stainless 
steel on a 36 mm half height of the waveguide 
is c. 300 seconds, and for copper c. 10 
seconds. For the JET pulse length of 20 
seconds, thermal conduction only marginally 
effects the temperature profiles within a 
pulse, even for copper. On the other hand, in 
the period between pulses, even stainless steel 
will approach uniformity. Thus, for an iso
lated pulse, the low thermal conductivity of 
stainless steel is not a disadvantage. The 
temperature rise per pulse is c. 25°C, being 
maximum close to the grill mouth where radia
tion cooling is least effective. Temperature 
increase in this region will be the limiting 
factor in the duty cycle. 

3.2. Vacuum matched loads 
The matched load on the multijunction unit 

uses silicon carbide as the absorbing medium in 
a weakly resonant configuration. It is rated 
at 20 kW for the JET duty cycle, 300 kW for 100 
microsec, with a 37 ± 0.01 GHz bandwidth from 
20 to 500°C. Cooling is by radiation only. 
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3.3· Vacuum waveguide 
The waveguides are also stainless steel and 

are produced by drawing of 1 mm wall rectangu
lar section, then bending to the developed pro
file and silver plating internally. Tolerances 
of ± 0.2 mm on internal dimensions are achieved 
in the straight tubes, increasing to + 0.5 on 
the inside of the bends. Low power measure
ments show low VSWR and losses and electrical 
length to be close to theoretical. The connec
tion of this waveguide to this multijunction is 
by a TIG welded butt joint. This joint has 
been tested with 200 kW, 20 second pulses under 
vacuum. 

3.1. Windows 
The windows are double windows with continu

» 
ous ion pumping/monitoring of the interspace 
vacuum. The ceramics are BeO pill boxes, the 
design being based on an existing commercial 
design for klystron windows. There are 18 win
dows in closepacked array, each of which can 
be replaced remotely. The connection to the 
vacuum waveguide is a clamped joint which has 
been tested to the full duty required. 

3.5. Coatings 
Both silver and copper coated waveguides, 

72 χ 9 mm χ 1 m long, have been tested under 
vacuum with short circuit termination. The 
losses were found to be within 20 % of theor
etical. The limiting power was higher for 
silver (50 kW against 30 kW). With an added 
660 gauss magnetic field (2 ω„„), enhanced 
breakdown was also observed on the copper. 

Various coatings for controlling multipactor 
arcs have been assessed. Samples of 'black 
gold'

5 were found to have excess losses at this 
frequency (typically 2  5 x copper). Carbon

ised copper was found to have losses close to 
theoretical, but much improved multipactor 
thresholds (c.80 kW in the above test) although 
with increased outgassing. No method of car
bonising silver has been found. 

JET propose to silver plate the vacuum wave
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guide and to use carbonised copper on the 
multijunction unit which spans the electron 
gyrofrequency resonance and its harmonics. 

3.6. Position control system 
This system utilises a total of 5 hydraulic 

cylinders. Three of these are used only to 
support the vacuum load of c. 17 tonnes, being 
driven by constant pressure accumulators. Two 
cylinders are used for position control. This 
configuration much reduces the capacity of the 
control valve, and enables the system to be 
designed with a higher probability that any 
failure will be in the withdrawn position. 
Fluidmechanical interlocks are used to limit 
the acceleration and velocity to within safe 
limits. The working fluid is 5 ? glycol in 
water, both for improved radiation resistance 
and reduced fire and contamination hazard. 
This system will be described in detail 
elsewhere. 

1. CONCLUSION 
A large lower hybrid phased array launcher 

has been designed for coupling 20 second 
pulses of 15 MW, 3.7 GHz power to the JET 
plasma for driving currents. Key components 
have been manufactured and tested. The test 
launcher will be installed on JET in 1989. 
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CONCEPTUAL DESIGN OF PLASMA EXHAUST CRYOPUMPING IN NET 

W. OBERT1 and D. PERINIC2 

MET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 
Kernforschungszentrum Karlsruhe GmbH, Postfach 3640, D-7500 Karlsruhe 1, West Germany 

The vacuum requirements for the Plasma Exhaust Pumping System (PEPS) of NET and the design 
requirements for NET-operation are described. Various possible solutions of cryopump arrangements 
are analyzed and discussed. A conceptual design is presented, which is based on four cryopumps, 
each with a pumping speed of 150.000 î/s. 

1. INTRODUCTION 
Future fusion devices as NET require large 

pumping speeds in comparison to commercially 
available turbomoiecular pumps (more than a 
factor of 10). In addition, the pump units have 
to be fully tritium compatible. 

The required pumping speeds of NET are moder
ate for cryopumping standards and cryopumping 
can be regarded as tritium compatible (see 
below). However, large amounts of helium have 
to be pumped which is not possible by simple 
straightforward cryocondensation. Helium 
pumping requires more sophisticated technology 
such as cryotrapping or cryosorption which are 
well known techniques for UHV system but have 
never been built to the large scale which is 
required for NET. 

For the cryosorption of helium a development 
programme has been started at KfK to study: 

sorbent materials and preparation techniques 
bonding techniques for the sorbents 
cryosorption pumping on an experimental test 
facility for a single stage and for a two 
stage compound cryopump 
theoretical pumping efficiency of various 

pump configurations and to optimize the 
geometry. 
The design considerations and a conceptual 

design for a cryopumpsystem for NET are presen
ted in the following, based on the available 

1 2 
NET data . For more details see . 

2. CRYOPUMPING 
The main advantages of cryopumping are: 

Provision of absolute oil and hydro-carbon 
free vacuum 
no corrosive process fluid or gas 
no moving parts inside the pump device, no 
bearing or electrical insulation 
accident proof, no problem with mechanical 
debris, no damage at sudden venting 
compatible with high magnetic fields 
compatible with corrosive gases 
no vibration 
high lifetime, no routine maintenance 
stable against power failures 
extremely versatile, easy to scale to very 
large systems, easy system integration, no 
installation or orientation limitations 

longterm experience available for very 
different and also very large systems 
high specific pumping speeds allow minimum 
valve sizes 
selective pumping of different gases. 

These advantages have to be weighed against 
the inherent problems of cryopumping which are 

limited capacity requires regeneration and 
separation valves 
the batch operation may cause fluctuation in 
flow and pressures 
limited access time by cooldown (unless pump 
is cold in standby) 
accumulation of the cryopumped gas requires 
safety considerations regarding the systems 
inventory (H2/air mixture ignition, tritium 
radiological limit) 
for cryosorption pumps an additional restric
tion is the risk of contamination of the 
active pumping surfaces. 
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3. NET VACUUM REQUIREMENTS 
3.1 The NET vacuum system 
The NET vacuum is a toroidal volume with an 

internal surface of < 1000 m2 and with a volume 
of <, 1100 m3 which has 16 diver tor outlets on 
the bottom of the Torus (see Figure 1). 

1. Biological Shield 
2. Vacuum Vessel/cryostat 
3. Vacuum Vessel/torus 
A. Toroidal Coils 
5. Refrigerated Radiation 

Shield 

6. Poloidal Coils 
7. Innnr Poloidal Coils 
8. Torus Cryopumps 
9. Blanket and Divertor 

10 Access for in Vessel 
Components 

Fig. 1 The NET device 

The divertor itself, its operation principle, 
design and boundary conditions are described 
in ' From the divertor which is mainly a hori
zontal duct with an entrance restriction on the 
Torus end yields a pumping duct (basically a 
circular tube of typically 1.5 diameter and a 
length in range of 10 m depending on the final 
design to the pumping station). The conductance 

2 3 
to of the pumping duct has been evaluated 

■v. 65 m 3
s
_ 1
. 

3.2 Operation modes 
Mainly four different operation modes of the 

NET Plasma Exhaust Pumping System have to be 
considered (see Table 1). 
 The first pump down from atmosphere. 

The dwell period, the pumping between the 
burn periods in order to prepare the vessel 
background for the next burn period. 

following design considerations. 
1 

The burn period which is the stationary 
operation mode of the plasma. 

The discharge cleaning. This mode has to be 
assessed separately. 

Requirements for discharge cleaning are not 
defined yet and will probably not influence the 

For more 
detailed information see1 

3.3 Symmetry conditions 
No pumping symmetry is required at the torus 

because the gas flow pumped from a divertor is 
only a small fraction (< 0.5%) of the gas flow 
inside the torus. For this reason, simultaneous 
zero pumping is admissible at a defined number 
of divertors. 

3.4 Required pumping speed and flow rates 
The NET power output of 620 MW corresponds to 

a He mass flow of 
mTT = 2.1 χ 10" He atoms s"1 = 8mbl s"1 
He 
From the concentration of 5 vol.% He in DT 

the DT mass flow is 
m D T = 40 χ 102 DT = 152 mbl s"1. 
3.5 Required total pumping speed 
As a basis for the pumping loop layout a 

value of 
St _ , = 250 ± 50 m3

s! 
total 

required at the divertor for He and DT exit has 
been taken (see Table 1) and for simplicity all 
calculations will be made for 250 m3

s"
1
. 

3.6 Pressures/flow regime 
The partial pressure at the divertor has been 

evaluated to 
P.. = 3 χ IO"5 mb 
He P. = 6 χ IO"» mb 

tot 
based on a concentration of 5% He and 95% DT. 

The flow conditions have been found to be 
molecular up to the pump entrance. Inside the 
cryopump configuration the free mean path will 
be according to the lower temperature and the 
corresponding higher density shorter, the 
internal conductance of the cryopump will be 
reduced and the total pumping speed will be 
enhanced . 
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Mode of operation 

Pumpdown 

Burn time 
620 MW  2.1 χ 10*> He atoms r ' 

Dwell time 
from 1 0 " atoms/m

3 to 10" atoms/m
3 

in 20 s 

Conditioning 

Pressure 
at 300 Κ [mbar] 

10
3 — io" 

6.6 X 10· 

2.5 X IO 3  2.5 X 10
 s 

~ 1 0
3 

Req. pumping 
speed at 300 Κ [m3 s] 

200 

250 i 50 

250150 

To be defined 

Flow regime 

Viscous 
Intermediate 
molecular 

Molecular 

Intermediate 
molecular 

Intermediate 

Gas composition 
[mole %] 

90 HjO,10 air 

90 DT, 5 He, 
3 Impurities, 2 H2 

84 DT, 10 C (H, D, T)4 

2 Η20, 2 air, 1 He, 1 Hj 

To be defined 

Tablei : Pumping requirements at the inlets of 
the pumping ducts for various modes 
of NET operat ion IM 

3.7 Size limitations 
The radiological cryopumped inventory limit 

for NET is set to 150 g T2=550bl(STP) = 25 mol. 
With a T2 flow rate of "x 80 mbls1 the operation 
period is limited to "x. 2h. 

This limit determines the required cryopump/ 
sorption capacity. For a single stage pump the 
required sorption area for both He and DT 
together (llOObl(STP)) has to be ^ 50m1 based on 
a specific sorption capacity of 2 mbl era"1 for a 
good Sorbens (in the case of a two stage pump 
2.5 m1 for He only). A total of 30 kg of acti
vated charcoal ("x· 50 mbl g"

1 spec, sorption 
capacity) can provide the necessary capacity. 

The size of the vacuum housing is also given 
by a safety limit, by the 15 mb partial pressure 
ignition limit for hydrogen in air which calls 
for a volume of < 50m 3

. 

A. PUMP ARRANGEMENTS 
Various pump arrangements have been analysed, 

including individual pumping of each divertor, 
combinations of two, four and eight divertors 
for a single pump unit, and ring line pumping 
(see Fig. 2) . 

n  2 
S  7 2 3 Γ Π

Ί
/ 5 

Η 
η  1 
S not possible 
wilhoul migline 

η  2 
S  500 m

J s 

S  total pumping speed required at pump inlets 
n  number of pump units 

Fig. 2 Pump arrangements 

The following conductances (300 K) have been 
assumed: 

Pumping duct (1.5 m 0,10 m long) C = 65mVs. 
Ring line segment between two pumping ducts 

(2 m dia., 4 m long) C = 300 mVs. 
Each pump arrangement provides a total of 

250 m 3
s
_ 1 at the divertor exits. 

The smallest single cryopump and the lowest 
total pumping speed is required in arrangement 
A. The disadvantage of this layout is the large 
number of pumps. 
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Reducing the number of pumps simplifies the 
cryosupply and control arrangements and 
diminishes the costs. In arrangements C and D, 
the pumping ducts are connected in pairs. 

The combination of pumping ducts or at the 
ultimate a ring line offers clear advantages in 
cutting down the number of cryopumps. 

Combining four ducts as in cases E and F, or 
eight ducts as in G, allows the number of pump
ing units to be reduced to four or only two. 

If a ring line is used, all pumping could be 
provided by only one pumping unit. The main 
obstacle to a ring line is the electrical short 
circuit it would represent for the main plasma 
current and an arrangement with bellows or 
electrical breaks is required. (Similar breaks 
are needed for the vacuum vessel). 

Fewer cryopumps also mean valuable space 
saved around the torus. Arrangements B, D, F, H 
and J require 50% less space than arrangements 
A, C, E, G and I. 

Because of regeneration and standby/spare 
requirements, more pumps will be installed than 
shown in Fig. 2. 

5. CONCEPTUAL DESIGN 
A conceptual · cryopump design is shown in 

Figure 3. It is based on 
Singlestage 4 Κ condensation/sorption sur
face for simultaneous pumping of DT and He. 

 High trapping efficiency. 
 Scaling capability to other pumping needs. 

The size of the vacuum housing is defined 
mainly by inventory/safety considerations. 
In order to demonstrate the possibility to 

create free space around the torus, arrangement 
D (4 cryopumps operational) was chosen as a 
reference case, with a total pumping speed 
required at the pump inlets of 540 m

3
/s 

(135 m3/s each), in operation. The main cryo
pump data are shown in Table 2. 

1 Pump inlet 
2 Exit for regeneration 
3 Vacuum housing 
1 Refelector LN2cooled 

5 Shield, LN2cooled 
6 Panel with sorbente, 

Lriecooled 
7 Baffle, LN2cooled 

Fig.3 Conceptual layout of the cryop ump 

Table 2: Technical data of the proposed cryopump 

Pumping speed for helium, DT 

Entrance gate valve 

Vacuum housing volume 
enforced by the 15 mbar 
ignition limit for DT 

Active pumping surface at 
4.2 Κ for a sorption capacity of 
2 mbarl/cm

2 and an inventory 
of 1000 bari for DT and He 

Sorbent with a sorption 
capacity of 30  60 mbarl/g 

Bonding 

Cooling power required 
at 4.2 Κ 

~150m
3
/s 

ND 1200 mm 

> 2 0 m
3 

> 50 m2 circular panel made 
of extruded aluminium 
Vshape arrangements 

Submicroporous material 
(activated carbon or molecular 
sieve) total mass: 17  35 kg 

Inorganic material 
(cement, braze) 

~ 60 W in normal operation, 
~ 150 W during cooldown 
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5.1 Set up 
The proposed cryopump is a cylindrically set 

up from outside to the inside: vacuum vessel ("\. 
2.5 m diam.), LN2 radiation shield, LHe cooled < 
5 K sorption/condensation surface, LN2 radiation 
baffle with high particle transmission and LN2 
particle reflector opposite the pump inlet 
(opening < 1.2 m dia.). The height is ^ 3 m. 
An overall trapping of 80% of the particles 
entering the pump is expected. 

5.2. Orientation 
The orientation of the cryopump is basically 

free but a vertical position with the pump inlet 
at the bottom is preferred in view of water 
accidents and dust. 

5.3 Regeneration valve 
The cryopumps have to be routinely regenera

ted (cycle 2.3h: £ lh) to desorb to He and DT. 
Full regeneration, i.e. warming up to > 100 K is 
required to clean the pump from impurities 
(cycle depending on impurity level "\. 150h 
(weekly: 20h). 

The requirements for a regeneration valve 
2 

have been assessed and a 'regeneration flap' 
with a conductivity in the range of 10_1 mbls"1 

was found to be sufficient. 
5.4 Two stage cryopump 
Λ single stage cryopump has been proposed as 

the simplest approach and as tests have proven 
that the He/DT mixtures can be pumped by a 
single stage sorption pump as long as the 
capacity for both He and DT is large enough. 

To modify the design to a two stage pump 
would not be difficult. 

The possible contamination effect from plasma 
. 2 

exhaust impurities have been assessed in . 

5.5 Thermal load 
3 

The thermal load has been calculated with 
regard to the load from the support, from 
thermal radiation, thermal load from base 
pressure, gas condensation load and tritium 
decay. The neutron heating will depend on the 
final position and neutron flux but will be 
small if the pump is installed outside the 
biological shield (see Figure 1). 

For all the NET plasma exhaust cryopumps a 
total power in the range 200 W  300 W/< 5 Κ 
will be required for the basic heat load. In 
order to allow fast regeneration cycles and 
therefore quick cooldown the total power should 
be in the range of 500 W  600 W. 

The structural mass and the LN2 and LHe 
inventory of the cryopumps is minimised in order 
to have short access time for cooldown and 
regeneration and in order to minimise the 
heating effects due to neutron interaction if 
the pump is installed close to the Torus. 
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CRYOPUMPING IN THE ACTIVE (D/T) PHASE OF JET 

Wolfgang OBERT 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 

The special problems related to the operation of the cryopumpsystems at JET during the active 
(D/T) phase are reviewed. The main aspects are the effects of neutrons  thermal load and 
activation of the cryogenic fluids and structure  the tritium inventory and safety, the radiation 
compatibility of cryostructure and instrumentation and the production of hazardous ozone under 
radiation conditions. Most of the results of the analysis can be applied to any other fusion 
cryosystem by appropriate scaling. 

•1. INTRODUCTION 
Cryogenics is an indispensable technique for 

today's and future fusion devices. Its main use 
is for cryopumping and for superconducting 
magnets . At JET three large scale cryopumpsys
te'ms each with 8 χ IO6 îs"

1 pumping speed are 
installed for 2 Neutral Injectors and 1 Pellet 
Injector system. 

2. THE JET CRYOPUMPSYSTEMS 
The set up of the cryopumpsystem and its 

2 
cryosupply is described in . Each system 
(Fig. 1) comprises of two 'cryopumpassemblies' 
which cover completely the side wall of the 
Injector Box. Each 'assembly' has a size of 
3 χ 6 m and is 30 cm deep. The pumpconfigura
tion is a unique design and provides a trapping 
efficiency for the incoming particles of close 
to 50%. The cryopump system is modular built 
and each module consists of 9 aluminium extruded 
cryopanels with integrated cooling channels. 
The 6 m high system is cooled by the thermo
syphon principle. The weight of the liquid 
helium (LHe) and liquid Nitrogen (LN2) structure 
and the .LHe and LN2 content have been minimised 
in order to minimise the irradiation interaction 
(structure: LHe: 560 kg Al/340 kg St.St., LN2: 
2800 kg Al/1300 kg St.St., content LHe 150Ï, LN2 
250Jl) . 

3. THE NEUTRON LOAD 
The neutrons from the fusion plasma will 

cause thermal load to the cryosystem, activation 
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of the cryogenic fluids and cryostructure and 
can produce hazardous oxygen. Most of the 
following analysis for the JET cryosystem can 
be transferred to any other system by scaling 
the results with the fusion yield. 

Top manifold 
(St.St) 

 Cryopanels 
(Al) 

Location Piate 

Bottom Manifold 
(St.St.) 

Fig. 1  Cryopump system set up 

3.1 Fusion yield 
The maximum neutron output of JET is envis

aged to be up to 102° n/shot or 1019 n/s (com
pared with 2 χ 1021 n/s for NET) with a neutron 
energy of 14 MeV. Over the lifetime of JET 102* 
neutrons are expected (5000 shots/year). 

3 
An analysis based on a detailed transport 

code gives a neutron flux direct from the plasma 
to the cryopump of "\1.5 χ 10

11
n/cm

2
*s for 

neutrons above 10 MeV. Taking into account the 



shielded cryopump position (Figure 2), a flux of 
4 χ 10' n/cm3,s has been calculated. 

neutron / / 
t i e im outer torus 
patii structure 

outer torus 
structure 

r^
U 

( ) u
w 

rot iry 
valve 

2 3 4 

rotary 
valve 

U 

Π 

cryopump 

π 
calorimeter 

Fig.2 Neutron beam path and cryopump position 

3.2 Dose rate 
Based on the most pessimistic figures of 3.1 

and a total of 10J* neutrons per JET lifetime a 
total dose rate for the cryopumpsystem of less 
"\· 10e rad is expected. 

3.2 Nuclear heating 
The neutrons from the fusion reaction will 

heat the cryostructure, the bulk LHe and LN2 due 
to elastic scattering, inelastic scattering, 
neutron capture and fray adsorption. The heat 
input to 1 cm3 of different material and the 
total value for the LN2 and LHe loop, has been 
evaluated in Table 1. The range stated is due 
to the uncertainty in the yradiation adsorp

tion. The data are conservative as the same 
neutron flux has also been used for the well
shielded part of the system; on the other hand, 
the low energy neutrons could have been under
estimated. 

The heat load during the pulse for the He and 
N2 loop is < 120 W and < 550 W respectively and 
is close to, or lower than, the base load of the 
system (LHe MOO W, LN2 M O KW) . The averaged 
thermal load (duty cycle 1:60) is less than a 
few percent of the basic load. 

The local heat load in the cryopanel fins is 
compatible with the admissible local peak loads 
for the fin temperature gradients and the 
thermosyphon cooling flow (designed for "v. 10 
times the base load). 

3.3 Activation 
3.3.1 Cryostructure 
The activation process of Al, St.St.and Cu, 

their reaction products and the resulting acti
vities are listed in Table 2, together with dose 
rates after ΙΟ* full performance 10 sec plasma 
pulses over 2 years. The activated Alpanels 
will produce a dose rate of 37 mR/hr. After 9 
days this value will have dropped by 10*. For 
the St.St. manifolds on top and bottom ^ 16 
mR/hr are expected which takes many years to 
decay. 

dose rate 
ren t o n hall lile y eneigy allei 10' 

time 
Ajun ι mm 

Al (n o) N a ' 15h 

Stainless Steel 
1 Ν Γ4 I * 

F é ' ( n p ) M i í ' 314 d 

" 5 

Ni (np)Co 71 d 

Copper 

Ci|
01

(no)CrS 5 3y 

Cu (ny C u ' 12 Hh 

Cu ( r i 2n )Cu 12 Bh 

pulses 

? 7Γ, MnV 
1 30 MeV 36 mR l i 

0 83 MeV 5 mR h 

0 81 MeV 11 mR h 

1 3 MeV 
1 2 MeV 10mR h 

0 04x 
1 3 M P V 

0 7 mR h 

0 OG mR h 

Energy release (mW cm ) 

neutrons y ray t on i 

Al OIS 00.1 12S 0 1 8 ) 1 
SlSt 0 16 0 16 0 S" 0 3 3 0 4 
C i ο ι (> o ¿ ο ΐκΐ ο „w. a 
LHe 111 0 M 
I N J ) IH 0 IH 

Tot il 
ci tv y le 1 60 
cryosui ρ y n i nq le 

h e l l load (VV) 

He loop N2 loop 

r B2 
13 30 

IBS 41 1 
S2 1 18 

2S 

12 1W · ,5
Γ W 

2VV < QW 
1 >W 10 kW 

TABLE 1 
Nuclear heating of cryopump (4x10" n/em's) 

TABLE 2  Activation of cryopump structure 

3.3.2 Liquid nitrogen 
The reactions for N2 and He are given in 

Table 3, the most relevant is the production of 
N
1J (anihilation fray, 0.5 MeV) with 9min 

halflife time. 
Table 3 shows also the calculated discharge 
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rates for the 250l LN2 and 250 î/h boiloff 
rate per cryopump. For 3 cryopumps the dis

charge will be still lower than the expected 
release of activated Torus Hall air of 
^ 5 χ 10

13 Bq/y. Therefore no measures are 
foreseen to handle the LN2 boiloff by a close 
loop with reliquefaction or by a retention 
system . 
Note: With the half life of the N

13 being 
9 min, a retention of e.g. "v. 1 hr would be 
sufficient to have the activity reduced by 103

. 
3.3.3 Liquid Helium 
He4 will not be activated by the neutron 

flux. However the production of tritium is 
possible by a He3 (n,p) H3 reaction which has a 
high crosssection for thermal neutrons. Assum

ing a concentration of He3 in He4 in the ppm 
range, a production rate of ^ 2 Bq/gm y Tritium 
could be expected i.e. for the 150Ä LHe cryo
pumpcontent 2 χ IO4 Bq/y. 

Impurities have not been analysed as it is 
assumed that they will be frozen in the heat 
exchangers of the cryoplant and will not reach 
the cryopumps. Bulk impurities such as debris 
and swarf are retained by mechanical filters. 

nuclear reaction 
14 13 * ~ 13 

Ν (n,2n) Ν (rj') C 

N ' V ρ) C''' (ţi) Ν " 

N
,S

(n.à) Ν"~' 

He" 

He'fn.p) Η
3 (ρ) He

3 

hall life linie 

9.96 m 

5730 y 

7.4 s 

12y 

discharge 

2.6x1o'
2
Bq/y 

6.5 x10
r
' Bq/y 

4.1 x10 Bq/y 

2x10" Bq/y 

produces 0.Γ) MoV ünihilaüon y radiation 

Table 3 Cryogenic boiloff activation 

3.4 Radiation damage 
The complete cryopumpsystems have been 

designed from the beginning to be compatible 
with the 10" rad dose rate, The materials were 
selected accordingly . 

All control sensors are expected to remain 
fully operational under the expected radiation 

dose (10
e rad), possibly with a slight perform

ance change which may require recalibration. In 
addition, tests with 50 m long capillaries 
showed that the hydrostatic pressure capillaries 
can be extended into the radiation free cryo
genic supply area and that this way the levels 
and pressures can be measured without radiation 
problems. 

3.6 Remote Handling 
The installation of the cryopumpsystem into 

the Injector Box has also already been designed 
in view of remote handling aspects: 

the cryopumpsystem does not need to be moved 
for access on any other Injector components 
and remains basically stationary inside the 
Injector Box. 
for the removal or installation of the cryo
pump, no pipe or cable needs to be cut or 
welded. 
the cryopumpsystem is sealed on the bottom of 
the Injector Box with a JET remote handling 
standard vacuum seal and the cryoline connec
tion is a Johnson coupling also with a JET 
remote handling standard clamp (see Figure 3). 
Together with the flexible cryolines the 
disconnection of the cryolines and the 
removal at installation of the cryopump is 
fully compatible with remote handling. 

FIGURE 3  Cryoline couplings 

A. CRYOGENIC IRRADITION HAZARD 
A series of serious explosions are known 

from literature which occurred when operating 
LN2 cryoloops under radiation conditions . The 
reason for these explosions was traced to the 
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combination of irradiated LN2 or L02 with 
organic materials or to the production of explo
sive ozone (ozone has a decomposition enthalpy 
of 708 cal/g compared to 1120 cal/g of TNT) from 
oxygen which either came from the residual oxy
gen content of the LN2 itself or direct from the 
atmosphere. (Note: the differences in boiling 
temperatures LN2:77K, LO2:90K causes enrichment 
of 02 in LN2 and also concentration of liquid 02 
on LN2 cold surfaces). Therefore, access of 
oxygen to the cryoloops or insulation vacuum has 
to be eliminated and in some laboratories closed 
loops and tertiary containments are used in 
heavy radiation environments. The U.S. Atomic 
Energy Commission (AEC) defined ozone as a 
hazard and hence subject to a 25 mg limit. 

At JET the following measures are taken in 
order to prevent the production of ozone: 

each liquid nitrogen delivery is controlled 
for oxygen content (specified < 5 ppm 02 
content, typical sample 1-2 ppm). (Consump
tion of < 250 Î LN2/h gives < 80 g 02 for 1 
week (150 h) operation. 
the injector vacuum is permanently monitored 
with a sensitivity of 10"7 mb for 02 partial 
pressure. The "x« IO6 ís"1 pumping speed for 
02 of the crypumps gives a sensitivity of 
10"l mbts"1 02. Over a typical period of 
10 h (daily regen.) < 5g of 02 would be 
condensed. The possible Ozone production 
under the above quoted conditions has been 

o 

evaluated based on and was found negligi
ble. Further investigations are under way. 

5. TRITIUM 
5.1 Tritium Inventory, limits and flows 
The cryopumped D/T is kept on the cryopump-

surface in a releasable form. The radiological 
safety limit at JET is set to 10 g Tritium. 

There is also a limit of cryocondensed 
D/T due to the capacity of the JET Active Gas 
Handling System (AGHS) (rated for batches of 
2000 bar 1 hydrogen isotope mixture) . 

The D2 load in the Neutral Injection System 
is typically 2.5 bar 1 for a 10 sec pulse. One 
day of operation accumulates with 40 pulses 
100 bar 1 D2. The T2 flow from the Torus 
through the closed fast shutter has been evalu
ated to 1.2 mg and 4 mg per pulse with and 
without disruption respectively, which results 
in 40 and 160 mg respectively per day. The flow 
of D/T from the Torus with the fast shutter open 
would be "\. 110 mbî per pulse(^ 50% T2) . The 
flow of T2 from the reprocessed D2 feed with 
0.25% T2 content is 'WO mg per day for one NI 
system (All data for 40 pulses/day). 

The H2 load of the Pellet Injection could be 
as much as 5000 bar 1 H2 per day and will 
probably require one or more regeneration cycles 
per day due to the limited AGHS capacity. 

A Neutral Beam Injector for Tritium would 
require T2 for the neutralizer gas and a total 
Tritium flow of 1.7 bar 1 (=450 mg) will be 
discharged to the cryopumps over a 10 s pulse. 
20 pulses/day yields a total load of 9 g T. 

5.2 Tritium release 
The release of Tritium to the atmosphere via 

cryogenic relief valves or rupture discs is a 
potential hazard which could occur in case of a 
major leak in the LHe or LN2 loop inside the 
Injector box. A fast acting relief valve 

o 
connecting the Injector to the JET EDS system 
and a pressure control relief valve for the cryo 
boil-off with a higher set point is foreseen in 
order to avoid the release of Tritium via the 
cryogenic boil-off loop. 

5.3 Tritiation of water 
The liquid nitrogen cooled surfaces of the 

cryopumpstructure are able to pump/trap certain 
amounts of Tritium. A amount of < 30 mgT 
(300 G') could be trapped on the LN2 shields of 
a JET cryopump (all will be released at ambient 
temperature). Investigations have started to 
what extent this Tritium could - by isotope 
exchange with water residues on the LN2 panel 
surface - become transformed to tritiated water 
which may only be released by proper baking. 
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The implication of water leaks with regener
ated tritium inside the Injectors are another 
item under investigation. 

5.4 Thermal load from Tritium decay 
The decay of the condensed Tritium will cause 

additional heat load to the LHeloop. The decay 
rate of 6 χ IO"6 h"1 and 5.4 keV per decay gives 
a heat load of Q = 0,13 W per gramm T. 

Even for a Tritium injector with 5 9 g T 
inventory on the cryopanels, the heat load will 
be < 2 W which is small compared with the 100 W 
cryogenic power allocated per cryopump system. 

6. CONCLUSION 
In the D/T phase of JET a neutron yield of up 

to ΙΟ20 η per 10 sec shot (1019 n/s) and total 
10

2
* neutrons over the total period can be 

expected. The neutron flux at the cryopump has 
been evaluated to be less than 4 χ 10' n/cm2s. 
The cryopump systems have been designed for 
maximum weight and minimum LHe and LH2 content 
in order to minimise the effects of radiation. 
The nuclear heating of the cryopump structure 
and the bulk LHe and LN2 is acceptable. The 
activation of the structure will produce a dose 
rate of % 50mR/h and calls for remote handling. 
The installation of the cryopumps is compatible 
with remote handling and the supply philosophy 
(control from central distribution, no valve or 
control in Torus Hall) minimises remote handling 
requirements. The activation of the LN2 boil
off is low enough that it can be discharged into 
the atmosphere. 

The effects of Tritium on the cryopump 
require at least daily regeneration, the release 
of Tritium out of cryogenic safety devices in 
case of a cryogenic leakage has to be avoided 
and the tritiation of cryocondensed water on the 
LN2 cooled radiation shields is being assessed. 
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PROTOTYPE OF A HIGH SPEED PELLET LAUNCHER FOR JET 

K. SONNENBERG, P. KUPSCHUS, J. HELM, D. FLORY and F. ZACCH1A 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X11 3EA, UK. 
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JET i s planning to build a high speed prototype pe l l e t in jec tor capable of del iver ing s ing le 
Dp'lce p e l l e t s , one per plasma pulse , with a veloci ty of up t o 5kms~ . The prototype wil l 
be based on a 2stage gun system which i s presently being developed at JET using a t e s t 
s tand . One gun of the t e s t s t and will be transformed in to the prototype used at the t o r u s . 

Ear l ie r t e s t s have shown tha t Djice p e l l e t s can only sus ta in peak acce le ra t ions of 
without breaking and tha t they suffer from an erosion effect in the barre l 

l imi t ing the pe l l e t veloci ty to about 2.7 kms . Results are presented proving tha t these 
problems can be overcome by acce le ra t ing the ice in a protect ive sabot ( c a r t r i d g e ) . With 
t h i s method ve loc i t i e s of up to 3.8 kms" have been obtained. The sabot technique, however, 
requires a separat ion of the sabot from the pe l l e t before t h i s i s injected i n to the plasma. 
Three possible separat ion methods are described and experimental r e s u l t s of one of them are 
presented. Also improvements of the gun are discussed which allow to operate the gun by 
remote con t ro l . 

1. INTRODUCTION 
Present JET r e s u l t s employing a conventional 

pel le t in jector strongly suggest that deep 
fuel l ing does Improve the plasma performance by 
generating peaked plasma p r o f i l e s , by reducing 
the impurity content and by a bet ter plasma 
confinement [ l ] . Deep fue l l i ng , however, i s 
only possible in to r e l a t i v e cold plasmas. JET 
i s therefore developing in jec tors which can 
accelera te p e l l e t s to much higher ve loc i t i e s 
than conventional guns. This wil l allow us to 
study deeper fue l l ing also for hot ter plasmas. 
To overcome the basic problem of conventional 
pneumatic guns  namely the use of propellant 

He RESERVOIR 

RUPTURE 
DISC 

gas at room temperature which l im i t s the maximum 
speed t o » 2kms  JET will employ the 2stage 
gun pr inc ip le [ 2 ] . 

As a f i r s t s tep JET plans to build a high 
speed prototype in jector capable of del iver ing 
one s ing le pe l l e t of about 5mm diameter with a 
veloci ty of up to 5 kms in to each plasma 
pulse . A major design goal i s the r e l i a b i l i t y 
of the gun components to avoid t h e i r frequent 
replacement which i s a typica l drawback of 
conventional 2stage gun systems. In order t o 
solve these technical problems and to find the 
optimal gun parameters a t e s t s t and has been se t 
up at JET, from which the prototype pe l l e t 
in jector wil l emerge. 
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©φ®©©©φ 
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PHOTOGRAPHY 
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FIGURE 1: Schematic diagram of the teststand 
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2. TESTSTAND FOR THE JET-PROTOTYPE INJECTOR 

The t e s t s t a n d c o n s i s t s out of: 

a 2 - s t a g e gun system 

a cryostat for pellet production and 
d i a g n o s t i c sys tems t o measure t h e v e l o c i t y , 

a c c e l e r a t i o n , s i z e , shape and f l i g h t path of 

the p e l l e t . 

For t he 2 - s t a g e gun pump t ubes of up t o 3m 

l e n g t h and i nne r bores of 50, 60 and 80mm 

d i a m e t e r s can be o p e r a t e d up t o a peak p r e s s u r e 

of 3500 b a r . For t h e d r i v i n g of t he p i s t o n t he 

pump-tube i s connected t o a high p r e s s u r e 

(250 b a r , 3.51) Helium r e s e r v o i r v ia a f a s t 

v a l v e . For o p t i m i z i n g t he a c c e l e r a t i o n of t he 

p e l l e t a r u p t u r e d i s c can be i n s t a l l e d a t t he 

r e a r end of the b a r r e l or a r u p t u r e c o l l a r on 

t h e sabo t can be employed. The usefu l l e n g t h of 

the b a r r e l i s l i m i t e d by t he p r e s s u r e drop of 

the p r o p e l l a n t gas i n t he b a r r e l due t o t he 

gas e x p a n s i o n , f r i c t i o n i n t h e gas and t h e heat 

l o s s e s t o t he b a r r e l . Under t h e p r e s e n t 

c o n d i t i o n s the maximum useful l e n g t h of the 

b a r r e l i s 1 .5m . 

The des ign of the 2 - s t a g e gun i s governed by 

t he main goal of i n c r e a s i n g t he t e m p e r a t u r e of 

t he p r o p e l l a n t gas as f a r as p o s s i b l e . The 

r e s t r a i n i n g f a c t o r s can be q u a l i t a t i v e l y 

d e s c r i b e d i n t h e f o l l o w i n g way: The t e m p e r a t u r e 

i n c r e a s e i s determined by t he compression r a t i o 

of the p r o p e l l a n t gas ( r a t i o of peak and i n i t i a l 

p r e s s u r e ) . U n f o r t u n a t e l y , t h e peak p r e s s u r e on 

t he one hand i s being l i m i t e d t o a c e r t a i n degree 

by the s t r e n g t h of the p e l l e t and on t he o t h e r 

hand t he i n i t i a l p r e s s u r e cannot be reduced 

below a c e r t a i n value which i s determined by 

volume of t he pump t u b e . This i s due t o t he 

f a c t t h a t s u f f i c i e n t p r o p e l l a n t gas must be 

a v a i l a b l e t o f i l l t he b a r r e l with a high 

p r e s s u r e and i n a d d i t i o n l e a v i n g enough gas i n 

t h e pump tube so t h a t the p i s t e n can s a f e l y be 

r e f l e c t e d on a gas c u s h i o n . I t i s t h e r e f o r e 

advantageous t o i n c r e a s e t he volume but 

p r e f e r e n t i a l l y by i n c r e a s i n g t he l e n g t h of the 

pump t u b e , s i n c e a l a r g e c r o s s - s e c t i o n c r e a t e s 

problems fo r t he gas flow from t he pump tube 

i n t o t he b a r r e l . Another r eason fo r keeping t he 

i n i t i a l p r e s s u r e r e a s o n a b l y high i s t o ach ieve a 

long p r e s s u r e p u l s e (At l onge r than the 

a c c e l e r a t i o n t ime of the p e l l e t ) which i s 

mandatory t o keep t h e p r o p e l l a n t p r e s s u r e i n t he 

b a r r e l as c o n s t a n t as p o s s i b l e . F o r t u n a t e l y t he 

p r e s s u r e p u l s e can a l s o be l eng thened by 

i n c r e a s i n g t he mass of the p i s t o n (At -M° - 5 ) and 

by u s i n g l onge r pumptubes (Δρ-L) . For p r a c t i c a l 

r e a s o n s the l e n g t h of the pump tube has been 

l i m i t e d t o 3m. 

The main d i a g n o s t i c sys tems a r e p r e s s u r e 

s e n s o r s p o s i t i o n e d a long t he b a r r e l . From the 

sudden p r e s s u r e r i s e t he t ime can be determined 

when t he p e l l e t passes the s e n s o r s [ l\] . This 

a l lows t o c a l c u l a t e t he p e l l e t v e l o c i t y and 

a c c e l e r a t i o n as a f u n c t i o n of t i m e . I t i s 

i n t e r e s t i n g t o note t h a t t he value of the sudden 

p r e s s u r e r i s e appears t o r e p r e s e n t t he d r i v i n g 

p r e s s u r e or a c c e l e r a t i o n , r e s p e c t i v e l y for t he 

p e l l e t . This i s only p o s s i b l e i f the f r i c t i o n 

between t he b a r r e l and t h e p e l l e t i s n e g l i g i b l e 

as compared t o t he p r o p e l l a n t f o r c e . The s i z e 

and shape of the p e l l e t i s determined by f l a s h 

photography of the p e l l e t . From the impr in t t he 

p e l l e t l e a v e s on t he t a r g e t p l a t e a t the r e a r 

f l ange of the expans ion tank t he r e p r o d u c i b i l i t y 

of the f l i g h t path of the p e l l e t as well as the 

degree of s e p a r a t i o n of the p e l l e t from t he 

sabo t can be found. 

3 . ACCELERATION OF D -ICE PELLETS BY 2-STACE 

GUN 

a) Two stage gun systems have proven their 
potential in the past to accelerate plastic 
pellets up to 10 kms [2]. In order to achieve 
such velocities, very high acceleration values 
(=10 its ) have been employed. In comparison 
due to the much lower strength only about 

A274 



5.10 ms [ Ί ] can be applied to D  Ice p e l l e t s 
without breaking them. 

Another problem i s tha t D ? ice p e l l e t s 
suffer from a strong erosion effect when moving 
at high ve loc i t i e s through the b a r r e l . As shown 
earl lerf i ) ] the erosion i s due t o f r i c t i o n 
between the barrel and the pe l l e t s t r i pp ing off 
and evapori zing outer layers of the p e l l e t . 
Fr ic t ion and erosion have two implicat ions on 
the accelera t ion of D_lce: 

the ice i s being softened and 
the barrel provides l e ss guidance for an 

eroded p e l l e t . 
As a consequence the peak accelera t ion t o l e r ab le 
further i n to the barrel i s much smaller 

fi — ? 

(2.10 ms ) than during the i n i t i a l phase of 
the acce le ra t ion . 

D«lce pe l l e t s are also very prone t o damage 
by shock waves which are generated by rupture 
d i sc s , which therefore cannot be employed to 
optimize the pe l le t re lease pressure . 

The maximum veloci ty which has been reached 
because of these d i f f i c u l t i e s for a D  i ce 

1 2 

pe l l e t i s 2.7kms 
b) Sabot supported D  p e l l e t s 
In order to overcome the problems caused by 

erosion, shock s e n s i t i v i t y and the l imited 
s t rength of the D Ice p l a s t i c sabots as shown 
in Figure 2 have been employed. For the present 
cryostat i t i s , however not possible to use 
"closed" sabots (2a) because the heat t ransfer 
from the ice to the cryocell i s Insuff ic ient 
leading to a poor qual i ty of the i c e . By 
improving the heat t ransfer through s l o t s in the 
wall of the sabot ("cage type" , 2b) good r e s u l t s 
have been achieved. I t was possible: 

to improve the res i s tance against shock 
waves so that rupture discs can be used for 
optimizing the re lease pressure 
to increase the maximum accelera t ion which 
i s to le rab le without breaking the pe l le t t o 

fi —? 
89.10 ms . As a r e s u l t a maximum veloci ty 

of 3.8 kms has been reached. 

due to the s l o t s in the sabot erosion 
cannot be avoided. 

"Cage type" sabot (b) 

ν////////Λτττττ 

'//////////Λ fmm 

'//////A 

πζζζζΔ 

"Closed" sabot (a) 

FIGURE 2 
Sabot t ypes 

In order t o obtain a bet ter support for 
the D  i ce pe l l e t a new cryostat has been 
b u i l t in cooperation with the CEN in 
Grenoble. In t h i s cryostat the ice can be 
produced outside the sabot and both pe l l e t 
and sabot can be Joined together afterwards. 
This will allow the use of "closed" sabo ts , 
c) SabotPellet separat ion 

The pr inc ip le method shown in Figure 3 i s 
to use a s p l i t sabot both halves of which 
are r a d i a l l y separated by an in te rna l 
pressure and caught by a conical anvil 
positioned in front of the entrance tube for 
the D  p e l l e t . 

• D2pellet 

e 
Barrel I 

Split 
sabot 

l__J »Plasma 

Sabotpellet 
separator 

FIGURE 3 
Sabot pe l l e t separat ion 
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We are developing 3 methods for 

generating the in te rna l pressure to 

separate the sabot halves r ad i a l l y 

i ) for the "cage type" sabot the pressure 

generated by the erosion effect could 

be s u f f i c i e n t , 

i i ) posi t ioning an E.M. coi l at the muzzle 

of the barrel an eddy current would be 

induced in a metal film deposited on 

the inner surface of the p l a s t i c sabo t . 

The eddy current heating of the metal 

layer in turn wil l heat and evaporize a 

th in layer of the D - i ce to generate 

the pressure for separa t ion , 

i i i ) by shaping the rear end of the sabot as 

• shown in Figure Ί the propellant gas 

can be employed for s p l i t t i n g the 

sabot . 

M Uw^vs^-**/' 
CZD OR 

FIGURE H 
D i f f e r e n t sabo t shapes for t h e t h i r d method 

In F i g u r e 5 a r e s u l t of the t h i r d method i s 

shown for p l a s t i c p e l l e t s . The photo i s taken 

about 50cm in f r o n t of the muzz le . A s e p a r a t i o n 

of about 1.5-2° has been a c h i e v e d . The 

r e p r o d u c i b i l i t y of the p e l l e t t r a j e c t o r y i s 

about + 1 0 ' . 

U. IMPROVEMENT OF GUN PERFORMANCE 

a) There a r e two a s p e c t s for improving t he 

gun per formance , 

i ) t o al low higher p e l l e t v e l o c i t i e s and 

i i ) t o develop t h e 2 - s t a g e gun toward 

r e p e t i t i v e and r emote ly c o n t r o l l e d 

o p e r a t i o n . 

i ) The f i r s t aspec t i s a s s o c i a t e d with 

r educ ing t he p r e s s u r e drop a long t he 

b a r r e l which i s due t o expans ion , 

ii) 

FIGURE 5 
Sabot-Pellet separation 

internal friction and heat losses of 
the gas. The most effective way of 
reducing the pressure drop is to employ 
preheated gas, which would result in 
much higher gas temperatures and gas 
velocities after the adi abat i c 
compression. The technical problems 
for preheating the gas are however 
difficult to overcome and it cannot be 
implemented for the prototype. Other 
measures, in particular to reduce the 
heat losses of the gas, are also being 
studied. For example the change to 
stainless steel as a barrel material 
with a much lower heat conductivity as 
compared to normal steel , has reduced 
the pressure drop in the barrel. 
Although this had no dramatic effect on 
the pellet velocity the pressure 
increase at the muzzle of the barrel 
was sufficient to improve the 
separation of the sabot. 
A precondition to build a repetitive 
gun is to avoid replacements of gun 
components after each shot. This is 
particularly important for rupture 
discs which are used to separate the 
pressure reservoir and the pellet from 
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the pump tube. The first has been 
substituted by a fast valve [5]. The 
rupture disc between the pump tube and 
the pellet which allows to optimize the 
release pressure of the pellet will be 
replaced by a sabot with a rupture 
collar . 

Another problem is to avoid damage 
of the piston upon its impact onto the 
front face of the pump tube and due to 
friction between the wall of the pump 
tube and the piston. The first problem 
can be solved by selecting pressure 
parameters which allow to reflect the 
piston softly on a gas cushion at the 
front end of the pump tube. To keep 
this gas cushion effective at least as 
long as the piston is oscillating in 
the pump tube the propellent gas must 
be trapped in the barrel and cylinder 
until the piston comes to rest. For 
this purpose it is foreseen to employ a 
fast plug valve at the muzzle of the 
barrel which can be quickly closed 
after the pellet has left the barrel. 

It appears that damage of the piston 
due to friction can be avoided by 
employing centering forces generated by 
the gas flow if the piston Is properly 
shaped and the gap between the piston 
and the wall Is optimized. Also low 
friction coatings of the piston and 
glide rings are used to increase the 
lifetime of the piston. Even without 
taking all these precautions pistons 
have survived up to 50 shots, almost 
sufficient for operating the prototype 
gun. 

values, to avoid erosion and to increase 
the shock resistance. So far only "cage 
type" sabots could be employed. 
Nevertheless it was possible to increase 
the peak acceleration by about a factor 
two and to improve the shock resistance. 
As a result pellet velocities of up to 
3.8 kms have been reached. Higher 
velocities can be expected if pellets in 
closed sabot can sustain higher 
acceleration still. 
several methods are being studied to 
separate the sabot from the pellet. One 
has already been tested successfully, 
progress has been made to improve the gun 
performance with regard to higher pellet 
velocities and towards a remotely 
controlled operation. Pistons have been 
developed which survive many shots and 
rupture discs have been substituted by 
fast valves. 
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5. CONCLUSIONS 

D„ i ce p e l l e t s must be suppo r t ed by 

s a b o t s t o al low higher a c c e l e r a t i o n 
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CONDITIONING OF THE JET NEUTRAL BEAM SOURCES 

H D Falter, G H Deschamps, R S Hemsworth, Ρ Massmann 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 

The JET beam sources require several hundred beam pulses for conditioning up to 80 kV or 160 kV. 
Once conditioned, only some 30 pulses are required to recondition the sources after a shutdown of 
several weeks with the beam sources vented with atmospheric air. Conditioning with low currents 
by using argon beams results in a source which is also conditioned for deuterium beams. 

1. INTRODUCTION 
The beam sources for the JET Neutral Injec

tors operate at present at 80 kV 60 Amps with 
hydrogen beams and 80 kV Al Amps with deuterium 
beams. In a second stage the sources will be 
modified to operate at 140 kV 30 Amps in deuter
ium using a three grid accelerator instead of 
the four grid system used at present for the 
80 kV operation. Finally, during the active 
phase of JET, it is foreseen to operate one 
injector with tritium beams at 160 kV 30 Amps. 

The beam sources must be conditioned before 
they can be operated successfully at full volt
age and current. The JET beam sources were 
initially tested by Culham Laboratory [1] in the 
case of the 80 kV sources. The CEA in Fontenay 
aux Roses modified, tested, and conditioned one 
prototype source to 160 kV [2] . Most of the 
80 kV sources for the second JET injector and 
all the production 140/160 kV sources have been 
or are being conditioned in the JET Neutral Beam 
Test Bed. 

2. ACCELERATOR OF THE JET BEAM SOURCES 
The 80 kV JET beam sources use multiaperture 

grids with grid spacings of 3.5 mm between the 
plasma grid and the gradient grid and 7.5 mm 
between the gradient grid and the suppressor 
grid (Fig.l). The voltages of the grids are 
typically 80 kV for the plasma grid, 72 kV for 
the gradient grid and 2.5 kV for the suppressor 
grid, yielding electrical gradients of up to 
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10 kV/mm. The grids are made from electro
deposited copper with integrated cooling chan
nels around the apertures. The surface areas of 
the grids are of the order of 0.1 m2 each side. 
The grids are supported with alumina post 
insulators inside the vacuum. 

Stainless steel spacer 

Fig.l: Cross section through the 80 kV and 160 
kV grid assembly showing the main insulator (1), 
the plasma grid (2), the gradient grid (3), the 
suppressor grid (4), and the post insulators (5) 

In the case of the 140/160 kV beam sources the 
gradient grid is omitted and the spacing between 
plasma grid and negative grid increased to 
27.2 mm. This reduces the maximum electrical 
gradient to 5.88 kV/mm. 



3. CONDITIONING OF THE JET BEAM SOURCES 
3.1 Conditioning procedures 
As for most neutral injection systems, the 

high voltage is supplied from a power supply 
with a tetrode switch at the output. If an 
overcurrent is detected, the high voltage is 
switched off for a predetermined time of typi
cally 50 ms, as Fig.2 shows. At the beginning 
of the fast turn off and before the reapplica
tion of the extraction voltage the arc current 
of the plasma source is also turned off for 
typically 1 ms. 

I« 

0 

0 

0 

BEAM CURRENT 

". 

BEAM VOLTAGE . 

ARC CURRENT 

, 50ms] 

1 


1ms 



► 

Curent Threshold 

„ 50ms ... .. 

„1ms 

TME 

Fig.2: Schematic timing sequence of a beam pulse 
with a reapplication of the extraction voltage. 

Conditioning normally starts at a voltage of 
30 kV in case of the 80 kV beam sources and 
5060 kV for the 140/160 kV beam sources. 
Initially the 80 kV beam sources are conditioned 
to approximately 60 kV, where the first 
characterisation of the source is carried out, 
defining the alignment and the pervearice. This 
requires that the beam sources are running with 
a reasonable ratio between beamon time and time 
lost from breakdown/reapplication as the data 
are mainly derived from thermal diagnostics 
After the initial characterisation, the condi
tioning continues either up to the design 
parameters of the beam sources or to the limit 
set by the condition of the power supplies. At 
the end of the conditioning the sources are 

operated at the established voltage and current 
for typically 100 pulses with 9095% of beamon 
time per pulse. Fig.3 shows, how the voltage 
can be increased with an increasing number of 
beam pulses for two different sources. One of 
the beam sources was conditioned with the 
socalled "procedure II" in which the voltage is 
increased in steps of 2.5 kV if the beam is on 
for more than 80% of the attempted time in three 
out of five consecutive pulses. A more 
aggressive "procedure I", increasing the voltage 
by 5 kV if the beamon time is above 50% of the 
attempted pulse length, was used for the other 
source. 



y - ^ 
_ S —"■"""" ~~ 

f / Ί/ 

^-~~~ 5 (Gentle) 
y ^ — 

sS ^-^-"^ 2(Aggressive) 
s^ '***" 

¿τ / 

/ / 

lime lost by early ler
mi lation 

400 500 600 
NUMBER OF PULSES 

Fig.3: Voltage and number of reapplications as 
a function of the pulse number for two 80 kV 
sources with different conditioning procedures. 
Also shown are the average on time per pulse, 
time for reapplications, and time lost by early 
pulse termination. 
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3.2 Comparison of the conditioning procedures 
The data shown in Fig.3 show that the gain in 

voltage with an increasing number of pulses is 
very much the same for both conditioning proced
ures. The gentle procedure II achieves a 
considerably higher beamon time, but also a 
higher number of reapplications. The aggres
sive procedure I results in a high proportion of 
lost time due to early terminated pulses (power 
supply problem). So far it cannot be concluded 
whether this is compensated for by a more rapid 
conditioning with procedure I, or by a beam 
source which is easier to condition. Table 1 
and Fig. 4 give data from three more beam 
sources, confirming that the difference between 
the sources masks any difference in the success 
of the conditioning procedures. In both proced
ures the beamon time improves considerably if 
. the voltage is reduced by 5 kV, demonstrating 
the benefit of "overconditioning". 

Table 1 
Speed of conditioning for five 80 kV beam sour
ces, with the number of reapplications required 
to get the first measurable beam at 30 kV, the 
number of reapplications, and the beamon time 
required to establish good pulses at 60 kV. 

BEAM 
SRC. 

2 
5 
9 
15 
À 

BEAM AT 
30 kV 

reapp. 

270 
1700 
100 
0 

366 

reapp. 

500 
7200 
1200 
700 
3500 

GOOD BEAM 
AT 60 kV 

ontime 

250 
590 
130 
140 
404 

pulses 

300 
270 
80 
65 
130 

PROC 

I 
II 
I 
II 
II 

The history of the various beam sources prior 
to the conditioning is shown in Table 2. 

All the beam sources conditioned with proced
ure" II (5, 15 and A) had at least some new 
grids. The beam sources conditioned with the 
aggressive procedure I all had already condi
tioned grids, which had been flooded during 
water accidents and handled during refurbishing 
of the sources. 
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Beam source 15, which conditioned very 
easily, was completely new, showing that new 
grids need not be more difficult to condition 
than used ones. 

Table 2 

Status of the 80 kV beam sources prior to the 
conditioning. 

BEAM 
SRC. 

5 

9 

15 

A 

STATUS BEFORE CONDITIONING 

Preconditioned beam source, flooded with 
water, grid hoses replaced, grids handled 

New grids 

Preconditioned, flooded with water, post 
insulators replaced, grids handled 

New beam source 

Old prototype, rebuilt with welded joints 
instead of bolted joints, one half of the 
plasma grid new 

κ" 
/ 
,'5 

J V 
L&f 5 

rTtrjLTZTTz* reíattHy run 

il d 
J , < 

"'y 

NUMBER OF PULSES 

Fig.4: Conditioning of four 80 kV beam sources 
using procedure I (2 & 9) and procedure II (5 & 
15). 

3.3 Reconditioning after venting 
Table 3 gives the time required for recon

ditioning the beam sources of one JET injector 
after a maintenance period of several weeks 
during which the beam sources were vented with 
atmospheric air. Typically 40 beam pulses of 
0.751.0 s duration were required to bring the 
sources up to full performance. Only source N°5 



Table 3 
Source 

8 
11 
5 
6 
7 
2 

P u l s e s 

30 
20 
60 
40 
40 
50 

Vol tage 

80 kV 
80 kV 
80 kV 
80 kV 
80 kV 
80 kV 

On-time 

> 90% 
> 80% 
> 60% 
> 80% 
> 80% 
> 80% 

The first column gives the number of the source, 
the second the number of pulses required on the 
injector to achieve the operating voltage and 
the beam-on time of the third and fourth column. 

which was difficult to condition initially, 
needed longer. Hardly any reconditioning is 
necessary when the system is kept under vacuum 
over the weekend. 

3.4 Conditioning with a heavy gas 
The extracted current at perveance match is 

proportional to 1//M with M being the mass of 
the extracted ions. Operating the sources with 
a heavy gas, for example argon, reduces the ex
tracted current at perveance match considerably. 
This is of interest for operation at 160 kV with 
tritium beams. The same source as used for 
140 kV deuterium operation will be used 
unchanged for 160 kV tritium operation. The 
conditioning from the operating level of 140 kV 
with deuterium to 160 kV could be done with 
argon beams thus avoiding the high power load
ings on the ion dumps with deuterium beams and 
the gas (Tj) consumption with tritium beams. 

Fig.5 shows the conditioning history of beam 
source A, which was conditioned up to 60 kV with 
hydrogen beams, between 60 and 80 kV with argon 
beams, and then operated at 80 kV with deuterium 
beams. 

Initially 150 pulses with 4,000 re-applica
tions were needed to condition the source to 
60 kV with hydrogen beams. Changing to argon, a 
further 80 pulses without plasma in the plasma 
source (hence no extracted beam) and with 
increasing gas flows were required before the 

system could withstand 60 kV. From there 
conditioning with argon beams started. (The 
necessity for this 'gas conditioning' is unex
plained.) The voltage could be increased to 
80 kV within less than 200 pulses and less than 
6,000 re-applications, but the actual beam-on 
time per pulse was only of the order of 3 sec
onds out of the attempted pulse length of 5 sec
onds. This improved after the gas flows through 
the plasma source and the neutraliser were 
changed to a lower flow through the source and a 

> 
Ì 6 0 

Ş 40 

1 » 
* η 

I 
s 

^ y ^ 

NUMBER OF PULSES 

Fig.5: Conditioning history of a beam source 
conditioned with hydrogen beams to 60 kV, with 
argon beams from 60 to 80 kV and then with 
deuterium beams at 80 kV. 

higher flow through the neutraliser. This indi
cates, that the pressure between the grids had 
been too high. A few pulses after the gas flows 
had been changed the beamon time increased to 
some 90% of the attempted time. 

Changing from argon beams to deuterium beams 
resulted straightaway in good pulses at 80 kV 
and beam currents up to 41.5 Amps, which corres
ponds to the beam current at perveance match. 
This demonstrates that conditioning in argon is 
successful. With more experience in running 
argon beams it is very likely that the condi
tioning would be faster than shown in Fig.5. 

4. Conditioning of the 140/160 kV sources 
For the 160 kV operation two of the 80 kV 

high voltage power supplies are connected in 
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series [3] feeding two beam sources of 30 Amps 
each. So far 5 140/160 kV sources have been 
installed in the Test Bed. Only one source has 
actually been conditioned to 160 kV. The condi
tioning of the 160 kV beam sources has been 
frequently interrupted by problems with the 
power supplies, and no complete conditioning 
history is yet available for the 140/160 kV 
sources. 

Fig.6 shows the partial conditioning of two 
sources. We see again, as in the 80 kV cases, 
that the conditioning is quite fast at lower 
voltages, followed by a slower rate of rise 
above 100 kV of approximately 0.10.25 kV per 
pulse. This suggests, that another 100200 
puisses would be sufficient to condition the 
source to 140 kV. Within the even more limited 
data of the second source the same behaviour is 
seen. 

Fig.6: Partial conditioning history of two 
160 kV beam sources. 

In the case of the 140 kV sources we have 
again seen that the effective pulse length drops 
below the attempted pulse length if the 
conditioning is more aggressive. Within the 
limited data available there is no sign that 
more reapplications (breakdowns) speed up the 
conditioning process. 

5. Discussion 
The conditioning procedures used in this 

paper appear to be comparably successful. The 
aggressive procedure puts much more strain on to 
the power supplies. In our case this causes 
lost time due to an early termination of the 
pulse and might contribute to hardware failures, 
and the gentle procedure appears to be more 
attractive. In the case of the 160 kV beam 
sources we already have sufficient power supply 
problems with the gentle procedure and could not 
compare the two procedures. However the gentle 
procedure appears to give a reasonable rate of 
conditioning. 

Argon beams have been used successfully for 
conditioning an 80 kV beam source. This is 
interesting for applications with tritium beams 
at 160 kV, when the beam sources will have been 
conditioned to 140 kV with deuterium beams. 
Using deuterium above 140 kV would overload the 
power supplies and the beam dumps, due to the 
mass dependence of the perveance match current. 
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THE JET HIGH TEMPERATURE INVESSEL INSPECTION SYSTEM 

Τ BUSINARO, R CUSACK, L GALBIATI, Τ RAIMONDI 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X1H 3EA England 

The JET InVessel Inspection System (IVIS) has been enhanced for operation under the following 
nominal conditions: vacuum vessel at 350°C; vacuum vessel evacuated ( 10~9 mbar); radiation dose 
during DT phase 10* rads. The target resolution of the pictures is 2 mm at 5 m distance and 
tests on radiation resistance of the IVIS system are being carried out. Since June 1988, the new 
system is installed in the JET machine and the first inspections of the entire vessel at 250°C 
have been satisfactorily done. 

1. INTRODUCTION 
Periodic inspections of the interior of the 

vacuum vessel have to be done to check for 
damage due to plasma disruptions. A system was 
developed to scan the vessel using four TV 
probes through small apertures in the top of the 
vessel without breaking the vacuum. A great 
effort of miniaturization was required to 
compress the optics and electronics into the 
small diameter available. 

Another problem was to provide sufficient 
illumination, particularly since the vessel has 
been carbonized. The initial solution was to 
use highenergy flashlight and digital frame 
grabbers. The system was completely automatic, 
with microprocessor control. The vessel surface 
was divided into viewing areas and for each of 
these "named positions" the orientation, viewing 
and light parameters were optimized and stored 
on disc. The operator calls up the named 
positions using a keyboard or mimic diagram and 
the camera is pointed at the desired location 
with aperture, focus and flash intensity as 
previously chosen. In this way a series of 
photos are taken and can be stored on disc or 
tape for comparison with previous shots. 
Digital filters are used to enhance contrast and 
reduce flickering. However, even increasing the 
sensitivity by integrating successive flashes, 

the image obtained of the inner part of the 
vessel remained hazy because direct light 
impinging on the viewing glass is scattered 
inside it. 

Recently considerable Improvements have been 
made. Some more penetrations were made avail
able to provide continuous lighting. Four 
vacuumtight assemblies of silica light guides 
are illuminated by small powerful purpose 
designed projectors sited above the penetrat
ions. A drawback of the original system was 
that the vessel had to be cooled down to below 
50°C to do an inspection. After feasibility 
tests high temperature probes to be used at 
350°C were designed and manufacture is now 
complete. The prototype was tested in a rig at 
100°C. As with the previous model, space 
restrictions called for painstaking rearrange
ment of wiring and connectors to eliminate noise 
and faults. The zoom was eliminated to make 
room for the cooling jacket but with better 
lighting the system is expected to be quite 
satisfactory. The device is equipped with 
sensors to detect cooling water leaks. 

If time and resources permit a study will be 
carried out on the feasibility of using prisms 
suspended in the vessel. This would obviate the 
optical problems connected with the cylindrical 
viewing glasses but would introduce others. 
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2. SYSTEM DESCRIPTION 
1.1 Viewing probes 
Each probe consists of a stainless tube 

terminating in a glass cylinder. The viewing 
probe, as shown in Fig.1, is lowered into the 

Lartfid VWwtq — 

Fig. 1 Viewing Probe 

vessel by a carriage driven along a guide unit 
which is suspended from the magnetic limb by 
means of a gimbal arrangement and centred with 
the top of the port using a hinge connection. 
This method of suspension allows the guide unit 
to comply with the thermal deformation of the 
vessel. The viewing probe itself is centred 
with the top of the port by flexible phosphor-
bronze "fingers" to allow self alignment of the 
probe during insertion and reduce shocks due to 
vibrations of the port. Long vertical bellows, 
with 6:1 compression ratio, allow for the 
vertical stroke of the carriage while forming a 
vacuum barrier. A separation valve between 
guide unit and vacuum vessel is opened to insert 
the viewing probe after checking that the vacuum 
in the IVIS system matches that of the vessel. 

Inside the long stainless tube a coaxial 
water cooled jacket has been provided to protect 
a high sensitivity black and white camera 
situated on the lower part of the probe, as well 
as its lenses and the motorised mechanisms for 

controlling iris, focus and prism tilt, from the 
heat radiated from the vessel wall (see Fig.2). 

An external mechanism allows the cooling jac
ket with the camera to rotate inside the viewing 
cylinder. The resulting tilt and rotation of 
the prism allows a whole quadrant of the vessel 

DC SERVOMOTORS Afl£ 
SITUATED AT n e BACK 
Of ItC CAMERA 
ACTUMt« hs 

- Cyti t td Canau L· 

ProieduiNao· 

Fig. 2 Viewing Probe (Detail) 

to be explored from any of the viewing 
positions. A flash tube, fitted at the end of 
each viewing probe, provides additional powerful 
sources of light for darker areas for single 
shot pictures. 

A detailed description of the optics and 
mechanical structure of the viewing probes is 
reported in [l1. 

2.2 The cooling system 
The new viewing probes are able to operate at 

high temperature (up to 350°C) having been 
isolated from the vessel thermal radiation by 
coaxial water cooled jackets. 

The cooling jackets, shown in Fig.3, consist 
of two concentric cryogenic tubes 4 m long and 
38.1 and Hk.H mm in diameter. In the gap 
between them there are 22 cryogenic tubes of 
3 mm in diameter, spaced at regular intervals. 
The cooling water flows from the top to the 
bottom of the cooling jacket inside the 22 small 
tubes and returns to the top through the space 
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between them. The thermal shielding has been 
designed for heat flow up to 2.5 KW/m2. 

In agreement with the design, the experiment
al results show that the cooling jacket keeps 
the working camera at less than 35°C with the 
entire probe fully immersed in an evacuated 1 m 
long oven at the average temperature of 350°C 
with an 18°C cooling water flow rate of 6 l/min 
(see Table 1). While with this flow the result
ing drop of pressure across the inlet and outlet 
hoses is only about 100 rabar, the cooling jacket 
is able to operate at 7 bar. 

Fig. 3 Water Cooling Jacket 

Furthermore, in order to reduce the heating 
of the camera lens due to thermal radiation 
coming from the front of the camera, a double 
glass window has been fitted between the prism 
and the lens and a cooling air flow (10 l/min) 
is forced between the two glasses. 
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2.3 Continuous lighting system 
In addition to the flash fitted in each probe 

a new lighting system has been developed In 
order to provide a continuous high intensity 
light source during the invessel inspections. 
The design of this system had to consider 
requirements of maintenance (i.e, it should not 
require maintenance Inside the vessel) and that 
the vessel wall geometry not be affected. 

To solve those problems a retractable 25 mm 
diameter 1.6 m long fused silica light guide 
assembly has been used. It collects the light 
from a powerful compact mirror arc lamp (400 W) 
and diffuses it in the vessel when the system is 
inserted. 

In this design, as shown in Fig.4, only the 
light guide assembly is permanently installed in 
the vessel, while the light source is mounted in 
the external accessible part of the tokamak. A 

Tabi« 1 

Camera Tenperatur« va Water Flow Rat« at 
■ 12«C. b  15°C. o  18»C 

Fig. 4 In Vessel Lighting System 

double bellows and double sapphire window system 
assures the vacuum seal of the vessel and the 
passage of the light into the silica rod. The 
penetration of the light guide in the vessel 
when needed, is done by a motorised trolley 
fitted on the top of the bellows that assures a 
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removable mechanical connection between the lamp 
unit and the light guide assembly. 

The efficiency of this system depends mostly 
on the quality of the silica rods. Imperfect

ions, scratches or bubbles in the light guide 
reduce the amount of light that reaches the 
bottom of the silica rod where a 65 mm length of 
very rough surface diffuses the light all 
around. Experimental measurements of illumin
ance at 1 m distance from the diffusor of the 
lighting system, using a 100 W arc lamp are 
shown in Fig.5. This lighting system is at 
present the subject of a patent application. 

\ 
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Fig. 5 Illuminance of Ivis Lighting System 

3. GLASS VIEWING CYLINDER PROTECTIONS 
In the present IVIS design the viewing cylin

der is the most vulnerable part of the entire 
probe. Thermal stresses on the glass and 
undesirable mechanical shocks during inspections 
could eause the rupture of the viewing cylinder 
and consequently the failure of vessel vacuum 
seal and long delay to recover from it. Care 
was taken in the design in order to contain the 
thermal stresses in the glass particularly in 
the region of the welding with the metal tube. 
An intermediate Kovar collar whose thermal 
expansion characteristics are compatible with 
those of the borosilicate glass, had been used 
to join the viewing cylinder to the long stain
less tube. Having assumed a linear thermal 
gradient from this welding of 100°C in 5 cm, a 
finite element calculation showed both compress
ion" and tension stresses on the glass of the 
order of 0.4 kg/mm2, which compares to an allow
able design tension stress for the borosilicate 

of 0.6 kg/mm2, ten times less than the allowable 
compression stress. A metal nose pressed 
against the base of the glass cylinder by four 
spokes is used to protect the glass against 
rubbing on the vessel port. It also gives some 
benefit precompressing the glass, thus reducing 
the tensile stress. 

Finally in order to prevent glass ruptures 
due to water leakages coming from the cooling 
jacket, a simple water sensor, based on measure
ments of electrical conductivity, has been 
installed at the bottom of the viewing cylinder. 

1. RADIATION RESISTANT DESIGN 
The new viewing probes (except the camera 

lenses) and the lighting system have been desig
ned to be radiation resistant to withstand the 
above mentioned dose of 10" rads. To achieve 
that goal all components had been selected for 
that figure and tests on the entire system are 
being carried out. 

Partial results of radiation test of the used 
TV cameras are reported on [2I. Temperature 
bleaching tests on the viewing cylinder show a 
recovery of 80? at 250°C after the glass was 
totally blackened by gamma exposure [3I. 

The fused silica rod light guides and sapph
ire windows of the lighting system are guarant
eed by the manufacturers. The present camera 
lenses will be substituted with nonbrowning 
lenses during the DT phase of the machine. 

5. CONTROL ASPECTS AND OPERATION 
The following movements are needed for each 

new probe: focus, iris, vertical stroke, prism 
tilt and rotation. Radiation resistant high 
quality miniature potentiometers have been used 
to provide a reference position. All movements 
are controlled by closed loop analogue circuits. 
Having continuous lighting, operations are much 
simpler then with the former system that had 
only flash light. 

At present a provisional console with the aid 
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of PC graphics tools enables the operator to 
select the viewing points Inside the vessel. 
Prism tilt and rotation are roughly shown on the 
PC monitor. The Iris and focus are manually set 
In order to have the best pictures shown simult
aneously on four black and white high quality 
monitors. If necessary a flash shot could be 
taken and the resulting picture grabbed for 
image analysis and enhancement. 

6. PICTURE QUALITY AND OPTICS DRAWBACKS 
In the present system good quality pictures 

could show a definition in the central region of 
up to 500 line which matches the target specif
ication. Limitation In the quality is due to 
the aberrations Introduced by the glass cylinder 
only partially corrected by an additional lens 
on the prism. Another drawback is glare in the 
glass which Is particularly disturbing and 
strongly depends on the viewing angles. 

As a result good pictures of the vessel floor 
and ceiling could be seen, as shown on Fig.6, 
taken at 250°C during the last inspection on 
21.07.88, while the inner wall viewing remains 
partially affected by glare effects. 

Fig. 6 Picture of Lower Part of JET Vessel Taken at 250°C 

7. FUTURE ENHANCEMENTS 
During the shutdown of the machine in July 

1989 three new light units will be added to the 

present lighting system in order to Improve the 
inner wall viewing. A rotating reflector will 
be also added on the silica rod diffusor to 
shadow the viewing probes from the direct light. 

Feasibility tests will be carried out in 
order to substitute the viewing glass cylinder 
with a flat glass window. This solution, that 
requires fitting the prism in the vacuum, should 
solve all problem related to the glare and mech
anical shocks to the glass cylinder, and will 
remove the optical aberrations with a strong 
improvement of picture quality. On the other 
hand problems such as the prism movements (tilt 
and rotation) in vacuum and at high temperature 
have to be solved. 

A new man machine interface using advanced 
graphic work station will also be considered in 
order to facilitate the inspection. 
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1. INTRODUCTION 
The JET Plasma Boundary diagnostics are an 

integrated facility for exposure of electrical 
and collector probes in the plasma scrape-off 
lay^r and subsequent surface analysis of the 
collector probes by means of ion beam techniques 
(RBS, ΝΚΛ, PIXE) and Scanning Auger 
electron analysis. 

Following a proposal (reference 1) in 1980, 
the equipment was designed and manufactured and 
then commissioned progressively at JET during 
1981-1986. This article describes the facility 
and the operating experience gained on 
measurements performed during JET discharges 
with emphasis on the problems of precision 
mechanisms working in Ultra High Vacuum under 
automatic control. 

2. SYSTEM DESCRIPTION 
2.1 Probes 
The probes which the system exposes to plasma 

are: 
2.1.1 Electrical Probes 
The electrical probes consists of an array of 

insulated carbon elements which are connected 
electrically through power supplies to the toru3 
earth. By applying different voltages and 
measuring the current, information is obtained 
relating to plasma density, temperature and heat 
flux. 

Rotation dog 

Clamp groove 

Carbon 
collector 

c) Collector assy. 

) 

Carbon 
shield 

a) Complete 

b) Shield assy. 
■ Window 

Fig. 1 Rotating collector probe 

2.1.2 Collector Probes 
Collector probes (see figure 1) consist of an 

inner cylinder (collector) and an outer shield. 
The shield has a 3 mm wide slit and the 
cylinder is rotated during a pulse to collect a 
deposit of hydrogenic and impurity species. 
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The time and space (radial) dependent 
deposition Is subsequently analysed to study 
Impurity release and recycling of Hydrogen and 
Its Isotopes. 

2.2 Exposure and Transport 
Probes are exposed at three positions In the 

vacuum vessel by separate systems. One of these 
Is fitted to a horizontal port and is called the 
Surface Probe Fast Transfer System (reference 2) 
and the other two are fitted to vertical ports 
and called Plasma Boundary Prooe Systems. This 
article refers only to the horizontal port 
system. 

2.2.1 Surface Probe Fast Transfer System 
This system makes a direct vacuum connection 

from a horizontal port, througn the biological 
shield wall to the analysis station (see figure 
2). 

The 27 m long, 150 mm bore tube encloses a 
railway and the three metre long train carries 
up to two collector probes and two electrical 
probes. 

Tne axial positions of tne probes are set in 
the diagnostic hall, so that they will be in the 
correct radial position when the train is aocked 
at tne torus. A 300 irai steel radiation blocking 
shield is raised ana the train driven towards 
the torus. The position information for tne 
train drive is provided by a laser distance 

meter, reflecting the ?eam from a corner tube 
mirror on tne rear of tne train. It is 
accurately positionec at the torus by a 
pneumatic ram and a pneumatically driven 
electrical connector sakes the probe circuits. 
The blocking shield is closed behind the train. 

After exposure the process is reversed and 
tne train is driven back to tne diagnostic hall. 
Here the collector probes are transferred to the 
to tne analysis station. 

Horizontal port 
oclanl 7 

Neutron blocking 
shutter assembly 

Fig 2: Plan viev of the Surface Probe Fast 

Transfer System and the Surface Analysis 

Station. 

Probe 
exchange chamber 

Probe adjustment 
mechanisms 

Accelerator 
(lower level) 
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The train drive system is novel in 'that it is 
a linear motor system with motors fixed 
externally to the tuDe and the aluminium 
reaction plate on the train. This is the 
complete opposite of conventional linear motor 
driven railways, whicn have the motors on the 
train, and has the advantage that there is no 
sliding friction on drive components inside the 
vacuum and no flanges in the vacuum envelope. 

The motor for rotating tne collector probes 
is also novel in that it has no magnetic circuit 
of its own and uses the torus magnetic field 
instead. Two coils oscillate through 6° as the 
direction of the current througn them is 
switched and rotate tne probes in one direction 
only by means of a ratchet. 

The system was supplied by GEC Energy Systems 
Ltd under contract to Culnam Laboratory. 

2.3 Surface Analysis Station 
Tne collector probes from tne two exposure 

points are transferrea to the Surface Analysis 
Station, where they are transported by a rack 
and pinion drive to one of the analysis 
stations. 

Tne system was supplied by Pfeiffer under 
contract to IPP Garching. 

The analysis methods are: Rutherford 
Backscattering, Thermal Desorption Spectroscopy, 
Nuclear Reaction Analysis, Elastic Recoil 
Detection, and Proton Induced X-Ray Spectroscopy 
in Cnamber I (10"" mbar), and Auger Electron 
Spectroscopy and X-Ray Photoelectron 
Spectroscopy in Chamber II (10-'° mbar). 

3. OPERATION OF MECHANISMS IN UHV 
3.1 'Problems - General 
From the engineering point of view this 

equipment is a mechanical handling system for 
probe transportation. The mechanisms are 
complex with over 3,000 individual components 
moving in in UHV and considerable effort has 
been necessary to develop them to function 

satisfactorily under automatic control. 
The design restraints for the JET 

environment, with bakeout at 300°C, which have 
in general been taken into account by the 
designers of this equipment, include no organic 
materials or high vapour pressure metals, no 
friction between components of similar 
materials, no trapped volumes, no magnetic 
materials in the torus, no materials generating 
debris and only materials with high radiation 
resistance. 

The vast majority of faults, that we have 
discovered and rectified that relate to UHV 
operation, have been very simple in nature and 
caused by a lack of attention to detail in 
design, manufacture and assembly. Small errors 
in, for example, component clearance and 
alignment, burrs etc which are so minor tnat 
they would oe cured by bedding in with 
lubrication on mechanisms working in air and 
consequently never be discovered, will cause 
failures in mechanisms working in UHV. 

The only mechanisms that nave required 
redesign because of problems of working in ÜHV 
are those where there is a limiting friction 
condition, i.e. the mechanism works when the 
friction co-efficient is beiow tne limiting 
value and fails when it is above the limiting 
value. One example of this is shown in the next 
section. Sucn mechanisms can work in air and in 
unbaked vacuum, but fail because of an increased 
friction coefficient after baking. 

3.2 Collector Probe Clamp - Specific 
Problem 

Tne probe is damped by the mechanism shown 
in figure 3· 

The clamping mechanism is moved to engage the 
probe and the three equi-spaced balls are 
positioned opposite the clamp groove in the 
probe (see also figure 1). The outer sleeve is 
then moved wnich presses the balls into the 
groove and locks the probe on the clamp. The 
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Probe 

A) Unclamped Β) Located 
Fig.3 Probe clamping mechanism 

Clamp sleeve 

C) Clamped 

mechanism is used in various places on the 
system with different actuation and locking 
methods. 

Tne balls are made of tungsten carbide witn 
5% cobalt as a binder and the otner parts of 
nlmonic 80A, a hard non-magentic material. 

The problem was that the clamp mechanism 
would not dis-engage from the probe in UHV. It 
worked satisfactorily in air and in unbaked 
vacuum, but repeatedly caused problems after 
baking. 

Tne reason was that the ball that is shown in 
figure 3 in the uppermost position has to be 
driven vertically upwards when the probe is 
disengaged from the clamp mecnanlsm. -It became 
trapped between the H5° angle of the groove in 
the probe and the vertical face of the hole in 
the ball holder. This corresponds to a friction 
coefficient of approximately 1. Tne solution 
was to cnange the included angle of the groove 
from 90° to 120° making it easier for the ball 
to be driven upwards. 

3.3 Mechanism Elements Used Successfully 
3.3.1 Ball Bearing 
Silver coated ball bearings are used 

exclusively. They are proven on commerically 
available rotary feedthroughs and are avaiable 
in sizes up to 22 mm and 7/8 inch outside 
diameter. Over 200 are used and there have been 
few problems. High temperature bearings 
lubricated with MoS2 powder were rejected 
because of creation of debris. 

3.3-2 Gears (Rack and Pinion) 
There are two rack and Pinion drives. One 

uses an aluminium bronze pinion driving a 
stainless steel rack and the other uses a pinion 
with six small ball bearings driving a stainless 
steel rack. This reduces friction and debris 
creation. 

3.3-3 Flexible Cables 
Flexible cables are required to make 

connections to the probes which are moved 
axially In UHV. Eignt copper wires (0.5 mm dia) 
are each insulated by alumina beads (1 mm 
diameter) and together wound into a helical coil 
- 25 mm diameter. Provision has been made to 
trap any debris created from the alumina beads 
but in practice the amount collected has been 
small. 
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3.34 Potentiometer 
In order to get a position decoder in UHV, we 

removed the track from a commercially available 
Cermet potentiometer, baked it in a vacuum oven, 
tested it and proved it satisfactory. It was 
built into the probe rotation drive using 
beryllium copper contacts. 

3.35 Make and Break Electrical Contacts 
Electrical contacts are made to the train by 

the electrical connector assembly Nickel pins on 
the connector are moved vertically upwards to 
make contact with silver coated buttons rivetted 
to beryllium copper leaf springs on the train. 
These contacts perform well for low level 
signals and currents up to 4A. 
» 
3.t Experience 
The following is a summary of experience 

gained on operation of this facility. 
3.4.1 Clearances 
There must be a positive clearance (minimum 

0.1 mm) between sliding components. Precision 
location is possible, as long as there is 
definite clearance over the full travel. .It is 
not good enough to rely on numbers on drawings 
and conventional component inspection. The 
final assembly must rattle when shaken! 

3.1.2 Chamfers 
When two components are located by a motion 

inside UHV then both components should be 
chamfered to a maximum angle of 30° and 
preferably 15°. Sharp edges are disastrous. 

3.4.3 Choice of Materials 
The choice of mating materials must be 

sensible eg. aluminium bronze and stainless 
steel for plain bearings. Many combinations 
have been proven successful on these systems. 
The main point seems to be to avoid friction 
between components made of the same material. 
Similarly there is no magic combination which 
will compensate for inadequate clearances, 
chamfers etc. 

3.Ί.Ί Thermal Expansion 
Mechanisms must be able to cope with thermal 

expansion up to 300°C and those close to the 
plasma considerably hotter. Nimonic 90 disc 
springs have been used to clamp assemblies made 
of different materials. Extra differential 
expansion due to variations in heating and 
cooling rates of mating components has also 
given problems. 

3.4.5 Screw Threads 
The comments for clearance between sliding 

components and materials also apply to screw 
threads. We have specified different diameters 
for male and female parts on fine threads, ie. 
an M36.9x1 male in an M37x1 female, to ensure 
adequate clearance. The cold weld is broken 
when the screw is unlocked and the screw will 
turn without siezing. 

3.1.6 Alignment 
For mating parts to engage reliably, 

mechanisms must be designed for minimal movement 
with the differential pressure forces when 
vacuum is applied. In addition the mating parts 
(eg. probe and clamp (figure 3) must be held 
precisely but flexibly to allow for occasional 
errors in the position of the mating part. 
These conflicting conditions are not easy to 
achieve and we occasionally have problems 
despite accurate alignment. 

3.5 Conclusions 
From our experience, light mechanisms in UHV 

can function satisfactorily with sensible design 
and considerable attention to detail by all 
involved in design and manufacturing. 
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Utilising to the fullest the enhanced capabilities of JET requires the installation of new 
in- vessel components. In this paper we discuss the requirements and describe the hardware 
solutions which are to be implemented and their effect on the future operation. 

1. INTRODUCTION 
As JET is approaching full power operation 

and is in many cases going beyond the design 
values it is worth noting the situation with the 
present in-vessel components before describing 
the new components ready for installation 
starting at the end of 1988. 

The major component installed in the last 
major shutdown was the belt limiter . This 
double ring, which has a diameter of 
approximately 800 cm, was installed to a 

2 precision of +lmm concentric with the plasma . 
Experience has shown that it performs very well 
and is both mechanically strong and resilient. 
No problems such as leaks or broken tiles have 
occurred on this component whatsoever. It was 
designed for a load handling capability of 40 MW 
for 10 s which can certainly be reached and very 
likely surpassed. The other important change 
undertaken during the last shut-down and refined 
during the subsequent operational period was the 
installation of fibre reinforced graphite (CFC) 
tiles in the equatorial region of the inner 
wall. This also has proven to be a full 

3 success. The heat shock resistance of the 
material has been of great benefit and has 
virtually eliminated the need to frequently 
replace damaged tiles on the inner wall as 
previously. Another area where power handling 
capabilities were required during the recent 

operational period were the X-point regions, 
both at the top and bottom of the machine. 
Several changes in the tiles, their design and 
their alignment were required during this 
operational period due to the unexpectedly 
successful operation in that mode which resulted 
in the occasional déposition of 50 MJ and more 
on the X-point tiles which had originally not 
been designed for that purpose. This region of 
the torus will greatly benefit from the planned 
new installation of separatrix energy dump 
plates. One of the major advances during the 
last year was the increase in the plasma current 
beyond its design value of 4.8MA to 6MA and 
recently even to 7MA. The new problems which 
arise when operating at these high currents are 
the high mechanical forces exerted on the vessel 
itself. It is for that reason that new 
restraint rings were designed which will be 
installed in the vessel during the next year. 

2. THE NEW IN-VESSEL COMPONENTS 
To handle the power deposited in the region 

of the X-point we will install in the coming 
year two complete rings of water cooled inconel 
plates, each covered by CFC tiles, at the top 
and the bottom of the vacuum vessel. Fig. 1 
shows the X-point dump plates located inside the 
vacuum vessel as well as the saddle coils, 
described below. 
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X point dump plates 

Active saddle coils 

FIGURE 1 
Three dimensional view of two octants showing 
the location of the X-point energy dump plates 
and the saddle coils. Indicated is a feed-
through for powering the saddle coils as well as 
the clamps holding the coils to the vessel 
wall. 

Major disruptions pose an increasingly-
serious problem for large tokamaks and therefore 
also for plasma operation. They cause very 
large stresses on the vessel and the mechanical 
structure. Unless remedial action is taken the 
"operating window", i.e. the parameter range 
allowed by plasma physics constraints as well as 
machine constraints, will become increasingly 
limited due to the requirements for safe 
operation. In particular additional limits on 
the plasma current and elongation would have to 
be imposed. Two new pieces of hardware will be 
installed in the vessel in the coming year with 
the aim to alleviate these problems. Firstly, 
. restraint rings will be welded onto the inner 
wall of the torus above and below the mid-plane 
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in order to strengthen the vessel, thereby 
avoiding excessive stresses. Secondly, to 
reduce the likelihood of disruptions occurring 
and consequently reducing the stresses on the 
vessel as well as possibly allowing for a higher 
density limit, a disruption feedback control 
system will be installed on JET. A cross-
section of the torus, Fig. 2., shows how the 
in-vessel components including the saddle coils, 
the dump plates and the restraint rings are 
located around the vessel wall. Before 
describing the disruption control system it is 
necessary to outline briefly the behaviour of 
disruptions on JET. 

2.1 Disruptions and the Disruption Control 
System on JET 

Density limit disruptions are preceeded by a 
series of precursers. These appear between 
100 ms (for low q discharges) to 1 s (for 
high q discharges) before the actual disruption 
When the radiated power has reached 100% of the 

X-polnt energy . 
dump piales 3 

FIGURE 2 
A poloidal cross-section through the torus 
showing the location of the in-vessel components 
and the graphite tile cladding. 



total input power, the temperature and the 
current density profile start to contract. This 
contraction generally allows for the successive 
déstabilisation of the m=3, n=l, and the m=2, 
n-1 tearing modes. These modes first rotate at 
the Mirnov frequency, which is typically between 
1 kHz (for ohmically heated plasmas) and 10 kHz 
(for neutral beam heated plasmas). As a 
function of time these modes slow down and then 
lock in a fixed toroidal position. The position 
is given by some arbitrary inhomogeneities, 
either in the magnetic field or in the symmetry 
of the inner vessel. Locking generally occurs 
when the perturbed magnetic field amplitude is 
of the order of 10 Gauss. Subsequently, the 
plasma experiences several minor disruptions 
followed finally by the major disruption. The 
m=2, n=l magnetic island plays a dominant role 
during the disruption process. 

The principle of the disruption feedback 
control is to limit the growth of the m=2, n=l 
tearing mode by counteracting its perturbed 
magnetic field. A magnetic field is created 
which has exactly the m=2, n=l symmetry but with 
opposite polarity by passing a current through a 
set of four saddle coils on the upper and lower 
halves of the torus, Fig. 1. The saddle coils 
are fed by a set of amplifiers which are capable 
of delivering 3kA for frequencies from 0 to 1kHz 
and 3kA/f (where f is the frequency in kHz) from 
1 to 10 kHz. The coils will produce a field 
having an amplitude of approximately 2 Gauss for 
the m=2, n»l component at the q=2 surface 
(assuming 3kA is flowing in the coils and the 
wall is perfectly conducting). The feedback 
signal itself is derived from a set of pick-up 
coils located inside the vessel near the 
mid-plane of the outer wall. These pick-up 
coils should allow the detection of the m=2, n=l 
mode in the plasma with a sensitivity of 0.1 
Gauss. This high sensitivity is required for 
the pick-up coils in order to enable the system 
to operate as early as possible, while the mode 

is rotating and the amplitude is still small. 
An alternative method of detection, using the 
saddle coils themselves as the antenna, is also 
being investigated. 

2.2 The Restraint Rings 
Since operation of JET at high plasma 

currents of 6 and even 7MA represents a 
considerable extension of the original design 
parameters of the machine a complete assessment 
of the consequences of such high current 
operation was undertaken. In particular, the 
large centripetal forces which are generated on 
the vacuum vessel during a radial disruption, 
pose a threat to the vessel. Careful 
calculations were undertaken to better estimate 
the forces involved. For the stress analysis of 
the vacuum vessel, a large and complete finite 
element model was established. The results of 
these assessments (the details of which will be 
published separately as a JET report) show 
additional radial forces of 20,000 kN on the 
vessel during a typical disruption at 7 MA 
plasma current . This is more than 3 times the 
radial force due to the atmospheric pressure 
(6000 kN). Such high levels of load produce 
large deflections, especially at the ends of the 
vertical ports (typically 5 to 10 mm) and along 
the inboard wall of the vessel (typically 15 to 
20 mm). Since the forces rise to their maximum 
and decay in approximately 15 ms, they introduce 
dynamic effects wherever equipment with a 
significant mass is attached to the vessel. 
This in turn leads to high local stresses in 
fastenings and in the vessel wall itself. 

The reason for the large deflections is to be 
found in the low stiffness of the inboard vessel 
wall in combination with large inwards forces 
due to the poloidal eddy currents at the thermal 
quench in a disruption. In order to remedy this 
situation, two inconel strengthening rings, 
above and below the mid-plane of the torus, will 
be welded onto the inboard wall, Fig. 2. They 
will resist the local radial forces in this area 
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by their hoop strength and stiffness, and reduce 
the displacements of the vessel wall and ports 
by an order of magnitude, down to less than 2 
mm. They will also eliminate the risk of 
overloading the existing ring reinforcements 
along the outside of the vessel, which at 
present carry all the radial loads by their hoop 
strength. The new rings on the inboard wall 
will carry approximately 30% of the radial load 
in a radial disruption, i.e. up to 8000 KN. 

2.3 The Separatrix Energy Dump Plates 
The high power densities deposited in the 

region of the X-point during the previous 
operating period of JET required that the 
X-point tiles be modified. This was due to the 

è 

fact that the X-point position, for operational 
reasons, varied widely. Therefore not only did 
the position of the separatrix move but also 
the angle of incidence of the field lines as 
well as the power density itself. During the 
1988 operational period the power was deposited 
onto initially 40 poloidal rings of individual 
tiles; these were later replaced by 32 poloidal 
rings of larger and differently shaped tiles. 
It was found to be difficult to align the tiles 
in such a way as to equally distribute the power 
over all the tile rings. Variations occurred 
when the X-point was moved due to the magnetic 
field configuration in this operating mode. 
When the X-point is further from the tile 
surface then the angle of incidence of the field 
lines onto the tiles is increased and the power 
will tend to be deposited well down onto the 
tile edges. In this case the power density can 
reach very high values on the tile edge, which 
intercepts the field lines in an almost normal 
direction, and the tiles are consequently 
damaged due to thermal shock. As the X-point 
moves closer to the tile surface the angle of 
incidence is decreased but the absolute tile 
positions now become more critical, i.e. the 
X-point tiles begin more and more to act as 
"limiters". Under these conditions a tile which 
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is slightly more proud than the adjacent tiles 
will shield the adjacent tiles and itself be 
burdened with a large fraction of the plasma 
power. This situation was again the cause of 
numerous damaged tiles. The precision required 
in order to ensure an equal loading of the tiles 
is on the order of +1 mm. This is, naturally, 
similar to the precision required on both the 
belt limiter and the inner wall in the 
equatorial region. 

A solution to the above dilemma is the design 
of the water cooled energy dump plates as will 
be installed in the coming year. This will 
provide for a complete toroidal ring of tiles 
sufficiently wide to cover the possible 
positions of the branches of the separatrix. 
The angle of incidence of the field lines is of 
secondary importance in this case because the 
sides of the tiles are not accessible to the 
plasma. The relative and the absolute vertical 
positions of the dump plates will be within 
+lmm of one another thereby eliminating the 
possibility of the power being intercepted by 
only a very limited number of tiles even when 
the X-point is very close to the surface of the 
dump plates. The reason for the water cooling 
is to enable the CFC-tiles to be cooled to a 
lower temperature between discharges thereby 
eliminating the problem of the temperature 
ratcheting up to high values due to successive 
discharges. In the case of beryllium tiles the 
water cooling is essential in order to cool the 
tiles to approximately 100 C or less between 
discharges to ensure that the tiles remain well 
below the melting temperature during a full 
power discharge. 

2.4 The Inner Wall Tile Protection 
It was previously shown that the inner wall 

of JET is not perfectly circular. The 
deviations are, in large part, simply related to 
the fact that the JET vessel is made up of 
individual flat sections . In the past this was 
the cause of high power deposition on selected 



tiles, in particular to those at the octant 
joints. The subsequent exchange of the original 
fine grain graphite tiles by CFC-tiles as well 
as the elimination of protruding edges virtually 
eliminated the problem. In the next shut-down 
we will re-install and align the tiles in the 
equatorial region of the inner wall in such a 
way that they will all lie within ±1 mm of a 
circle concentric with that of the belt limiter 
which was shown to be almost ideally centered 
with respect to the plasma. At the present time 
a band of tiles only three tiles high at the 
centre is made of CFC-tiles. After the next 
shut-down this will be increased to a band nine 
tiles high. It was found that slight 
discrepancies in the exact positioning of the 
CFC-tiles are smoothed away by erosion due to 
the action of the plasma itself, without 
damaging the tiles. 

SUMMARY 
The installation of the new vessel restraint 

rings as well as the dump plates and saddle 
coils will allow JET to operate safely with 

plasma currents of 7ΜΛ and with >40MW additional 
heating in limiter, single and double null 
X-point configurations. It will thus allow to 
fully exploit the versatility of the JET 
machine. 
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INTEGRATED ENGINEERING DESIGN OF NEW IN-VESSEL COMPONENTS 

M.A. PICK, G. CELENTANO, K.J. DIETZ, C. FROGER, L. ROSSI, R. SHAW, L. SONNERUP 

JET Joint Undertaking, Abingdon, Oxfordshire 0X1A 3EA, UK. 

Design details of the new in-vessel components are described with emphasis on those details which 
ensure: optimum operational as well as installation and remote handling capabilities, precise 
geometry and high reliability in severe environmental conditions in terms of heat load, forces 
and radiation. 

1. INTRODUCTION 
During the next operating period JET will 

run with maximum power of up to 40 MW for 10s 
arfd plasma currents up to 7 MA. The additional 
components which are to be installed in the 
vessel during the coming year include X-point 
energy dump plates, disruption control saddle 
coils and vessel restraint rings. An overview 
for the requirement of these components as well 
as figures showing their configuration inside 
the vessel is given in reference 1. The 
experience gained in operating JET for several 
years has led to certain principles for the 
design of the in-vessel components which have 
been strictly followed in the design of all the 
new equipment. The first important point is 
that in order to retain the versatility of the 
machine in terms of plasma configuration, which 
has proven so valuable in the past, the 
components should take up as little space as 
possible. A second point learnt during 
previous operating periods of JET is that the 
positional accuracy with respect to the 
magnetic field required of all those first wall 
components which may interact with the plasma, 
such as limiters; inner wall protection tiles; 
RF antennae; X-point protection tiles; etc., is 
in the order of ± 1 millimeter. This precision 

2 was achieved and demonstrated with the belt 
limiter previously which will therefore be used 
as a reference in future installations. Larger 
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deviations cause non-uniform power deposition 
with the result that selected areas will be 

3 overloaded and damaged. Another important 
detail which has been taken into account is the 
consequence of several water leaks which have 
in the past occurred on JET and which were 
often associated with the failure of bellows. 
No in-vessel bellows .have been included in the 
design of the new components. In order to 
fulfil the requirements of the new components 
as well as conforming with the above points the 
design of all the in-vessel components was 
viewed as a single design. 

Figures 1 and 2 illustrate the complete 
integration of the new components into one 
coherent design. The components are covered in 
graphite or carbon fibre composite (CFC) tiles 
which provide an almost complete coverage of 
the inside of the vessel. Apart from the 
outboard side of the vessel this coverage is 
only interrupted in the areas immediately 
adjacent to the saddle coils where two bands of 
tiles have been omitted in order to facilitate 
the field penetration of the disruption control 
system. The following provides some information 
on details of the design of the various 
components emphasizing only the most important 
aspects which have been incorporated to fulfil 
the experimental requirements as well as those 
for installation. 
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FIGURE 1 AND 2 
The graphite tiles provide an almost complete 
coverage of the inner wall protecting the 
restraint rings, saddle coils and dump plates. 
The coverage is interrupted only in the areas 
immediately adjacent to the saddle coils in 
order to facilitate the field penetration of the 
disruption control system. 

2. THE SADDLE COILS 
The design of the saddle coils was required 

to take into account the severe conditions in 
which the coils must operate, namely up to 500 C 
in temperature, high radiation and forces on the 
coils of up to 40 kNm 

Each of the eight coils spanning two octants 
consists of three windings and are designed to 
carry 5kA with a maximum voltage of 6kV to the 
vessel. The coils are of inconel bars (20 χ 
70mm) which are machined and bent to the exact 
theoretical shape prior to installation. An 
overview of how the coils are located in the 
vessel relative to the dump plates is shown in 
Fig. 3. Two features in the design of the 
saddle coils have been included to accommodate 
deviations of the actual dimensions from the 
theoretical ones. In the factory the coils are 
preassembled and installed into a dummy vessel 
which spans the lower section of two octants and 

which is machined to with ±lmm of the 
theoretical vessel dimensions. This is done in 
order to check all the overall dimensions. The 
preassembled sections of the coil are shipped 
as a whole and are installed and connected 
inside the JET vessel. The connectors 
themselves allow for 10mm leeway at the 
connectors, and in addition, at each 90 corner, 
where there is a crossing from the toroidal to 
the poloidal sections, there is a flexible 
connector made up of nickel laminates. These 
flexible connectors can accommodate the 
expansion of the perpendicular bars as well as 
the forces which occur during disruptions and 
vertical instabilities causing differential 
movements of individual vessel sectors. 

OCTANT 7 

FIGURE 3 
An overview of the location of the dump plates 
relative to the saddle coils and indicating 
representative dimensions. 

An example of the clamps which hold the 
coils in place is shown in Fig. 4. Inside the 
clamp the three inconel bars are each held in 
place by eight insulating alumina balls. To 
facilitate the assembly, the balls are held in a 
short groove in the bar. The balls are held in 
place by a spherical seating in the screws 
which, after being set into position, are tack 
welded in place. These clamps, of which there 
are numerous, hold a total of approximately 
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10,000 alumina balls. The large number is 
required in order for the clamps to withstand 
the large forces due to the interaction of the 
alternating coil current and the magnetic 
field. 

FIGURE 4 
An example of one of the many clamps holding the 
three turns of the saddle coil to the wall of 
the vessel. Each inconel bar (20 χ 70mm) is 
held in place by eight insulating alumina 
balls. 

3. ΧΡ0ΙΝΤ DUMP PLATES AND PROTECTION TILES 
In the Xpoint configuration particles will 

flow towards the vessel wall which must 
therefore be protected by an actively cooled 
energy dump plate system. Water cooled inconel 
plates which are covered by low Ζ material will 
be installed over lm of poloidal arc at the top 
and bottom of the vacuum vessel. The low Ζ 
materials considered were finegrain graphite, 
carbon fibre composites (CFC) and beryllium. 
Based on early observations of the Xpoint 

2 
configurations a peak flux density of 5MW/m for 
10s must be sustained by the respective material 
with Τ < 2000°C for graphite and Τ <1200°C 

max
 ö r max 

for beryllium. This is readily achieved, as 
shown in Fig. 5. The pulse repetition rate is 
determined by the length of time it takes a tile 
to cool down to a predetermined acceptable 
temperature. For graphite tiles this initial 
temperature may be as high as A00°C whereupon 
the radiation cooling of the tile to the vessel 
as well as to the water cooled inconel plate is 
sufficient to allow one discharge every 30 
minutes. If these tiles were to be of 
beryllium they would need to be cooled to <100 C 
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before a discharge in order to avoid melting in 
a subsequent full power discharge. This implies 
that a good thermal contact must be maintained 
between the tiles and the inconel plates. The 
design of the tile attachment is shown in 
Fig. 6. The protection tiles have been chosen 
to be of CFC material since tests done at JET 
indicate that these materials are highly 
resistant to thermal shock . The tiles, Fig. 6, 
are shaped in such a way as to eliminate the 
possibility that selected field lines penetrate 
the gaps between the tiles and impinge directly 
on the inconel plates. 

Beryllium 

4 5 6 
Time (s) 

10 

FIGURE 5 
Surface temperature rise of Xpoint dump plate 
tiles exposed to a peak flux density of 5 MW/mJ, 
Graphite and Be should not exceed "\2000 and 
1200°C respectively. The temperature rise for 
CFC and fine grained graphite is similar. 

The dominant design criteria for the water
cooled inconel plates are: a) the efficiency of 
heat removal and b) susceptibility to eddy 
currents during disruptions. 

The dump plates consist of 25mm thick 
inconel plates. The plates are shaped to 
conform with the vessel. The water cooling 
channels consist of transveral holes 11mm in 



FIGURE 6 
A rather complicated design was adopted for the 
tile attachment in order to ensure good thermal 
contact between the tile and the support 
structure as well as for remotely removing and 
attaching tiles. In addition precautions have 
been included in the design to remotely repair 
the attachment in case the system is fused. 

diameter which have been drilled (using "deep 
drilling" techniques) into the plate. The 
transversal holes are joined on each side of the 
plate by a channel cut into the edge of the 
plate and then closed by welding a narrow plate 
over the top. Fig. 7 indicates how the water 
flows through one of the plates. The flow 
pattern is the result of detailed calculations 
and computer simulations with the object of 
uniformly cooling the plate whilst minimising 
the total flow. Analyses of the plates by the 
SPARK code have shown that forces due to eddy 

FIGURE 7 
An example of the inconel X-point energy dump 
plate showing the cooling water holes and 
channels and the water flow pattern. 

currents directly induced in the plates are very 
small. However, the plates share eddy currents 
which are induced in the rigid sectors of the 
vacuum vessel. These forces are substantial, on 
the order of <8 KN/support, but are largely 
determined by the resistance of the supports of 
the plates themselves. The supports are shown 
in Fig. 8. A combination of slots, clearances 
and spring washers enables the supports to 
withstand the expected forces due to eddy 
currents, both induced and shared as well as to 
accommodate the expected displacements due to 
temperature differences between the plates and 
the vessel which will occur when operating with 
a hot vessel (usually 300-350°C) and cooled 
plates as well as when cooling the vessel after 
operating with uncooled dump plates when these 
will become substantially hotter than the 
vessel due to temperature lag. 

FIGURE 8 
The supports for the dump plates have been 
designed to accommodate the large force 
(^8KN/support) as well as differential expansion 
of the dump plates versus the vessel wall. The 
screws are of inconel and the cyclindrical nuts 
are of aluminium bronze. 

4. THE RESTRAINT RINGS 
Each ring consists of inconel 600 ribs 

welded onto the rigid sectors of the inner wall 
and connected by 12mm thick inconel plates as 
shown in Figs. 1 and 9. During a disruption at 
7 MA each ring must withstand a compressive hoop 
force of about 700 kN without buckling, as well 
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as a radial force on the order of 4000 kN, 
which, divided by the 32 ribs, means that each 
rib, including the rib weld onto the rigid 
sector as well as the rigid sector itself, must 
withstand about 125 kN without any plastic 
deformations. 

The resulting compressive stress in each 
plate due to the hoop forces is 90 MPa which is 
about half the acceptable limit for. the material 
used at the operating temperature. The shape of 
the plates is a result of considerations aimed 
at maximising the bending inertia of the ring 
whilst minimising the space required. 

In order to distribute the radial force more 
evenly onto the widest of the rigid sectors, 
namely the one in the middle of each octant, and 
to thereby ensure that it does not bend 
excessively during a disruption, the ribs are 
first welded onto plates which are, in turn, 
welded onto the rigid sector along two lines 
closer to the sector edges (see Figs. 1 and 9). 
A similar design is required at the octant 
joints themselves. 

A detailed study of the welding technique, 
the welding design and the welding sequence of 
the ring onto the vessel was undertaken to 
ensure that the method chosen would guarantee 
that the installation could be performed with 
high accuracy, minimal distortions, clean 
conditions, high speed (200 m of welds) and, of 
course, the required strength as well as readily 
available qualified welders and welding 
equipment. The technique chosen was automatic 
cold wire TIG. A welding design has been 
applied which includes a weld back plate. It 
should ensure that the quality of the weld will 
be maintained whilst locally allowing for a 
certain variation in the weld gap. As described 
in 1 the effect of the rings will be to decrease 
the displacements by an order of magnitude not 
only at the inner wall but also at the vertical 
ports. This will allow the safe operation of 
JET at 6 and 7 MA plasma current. 
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FIGURE 9 
The inconel vessel restraint ring, consisting of 
ribs and plates shaped to maximise their 
inertia, is welded onto the inner wall of the 
vessel. The alignment balls, which form a 
permanent feature of the rings, are used to 
align the dump plates, saddle coils as well as 
the inner wall tiles. 

5. CONCLUSIONS 
The three major new components to be 

installed in the next year have been integrated 
into a single design so as to retain as much 
space as possible for plasma operation. 
Numerous design details have been incorporated 
to ensure that the expected forces and heat 
fluxes during operation as well as disruptions 
do not damage the machine thereby allowing 
experiments to fully investigate the plasma 
parameter space. 
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THE PERFORMANCE OF JET PF SÏSTEM FOR 7MA MATERIAL LIMITER AND 5MA MAGNETIC LIMITER OPERATION 
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JET Joint Undertaking, Abingdon, OXON 0X14 3EA, UK 

The JET PF Circuit enhancements have allowed operation with plasma currents up to 7MA with a 
material limiter configuration and up to 5MA with a magnetic separatrix. This paper summarises 
the latest major modifications of the PF Circuit and describes their commissioning and their 
performance in operation. 

1 . INTRODUCTION 
Two major modifications of the Poloidal Field 

Circuit were carried out during the last JET 
operating phase: the Current Modulation Circuit 
(CMC) for the JET Magnetising Coils (PI) and the 
new Vertical Field Circuit for the control of 
the current imbalance in the JET Vertical Field 
Colls (Ρ4). 

The CMC causes the current flowing in the six 
central P1 subcoils (PI1,2,3 upper and lower) 
to differ from that In the two top and bottom PI 
subcoils (Ρ14.5 upper and lower). This permits 
the current in the six central colls to be 
Increased from 4OkA to 60kA because, at full 
toroidal field, the outward force of these coils 
is balanced by the compression force of the 
toroidal colls. The PI magnetomotive force is 
therefore increased. Moreover the leakage flux 
due to the current difference (ID) between 
PI1,2,3 current and PI1!,5 current produces an 
hexapolar field that helps the generation of the 
magnetic separatrix configuration. The Current 
Modulation Circuit Is shown in fig.1. The main 
new components are: the PFX Amplifier (2.1kV at 
35kA) which generates the PI current difference, 
the blocking diodes (BDXA, BDXB) that withstand 
the large reverse voltage (12+12kV) following 
interruption, the PFX filter (C,= 15mF, Rn=80mfi) 
which protects PFX from overvoltages produced by 
the discharge of the Commutating Capacitors, the 

new P1 protection cubicle (P1MPC) which 
protects the P1 coils from the many new fault 
situations, the new digital Plasma and P1 
current control (PCC) which supervises the 
operation of the new System. 

Fig 1 : Configuration of the JET Magnetising 
Circuit with the Current Modulation 
Circuit for the PI coils 

The main design features of the CMC Circuit 
are described in detail elsewhere '. 

A new Vertical Field Circuit for the 
control of the Ρ4 imbalance current permits a 
difference of current between P4 upper and P4 
lower coil, thereby extending the operation with 
magnetic separatrix to plasma currents of 5MA 
and higher. 

2. COMMISSIONING OF THE CURRENT MODULATION 
CIRCUIT 
The commissioning of the CMC began in 
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November 1987 after a twoweek shutdown to 
complete installation. 

The main commissioning items of the CMC are 
listed in Table 1. This plan was performed 
successfully in about two and a half JET 
commissioning weeks. About one week was 
dedicated to the local commissioning (Table 1, 
item A). Each P1 Current Protection {2k in 
total) was tested by primary injection of 
current through its current transducers (Table 
1B). To avoid exceeding the nominal current of 
the P1 coils, these tests were performed with 
the main busbars disconnected from the coils and 
connected to a short circuit. The calibration 
tests have found large differences (up to 20Í) 
in the measurements made on the various current 
transducers in the Circuit. 

TABLE 1: CMC COMMISSIONING PLAN (NOV 87) 
NO OF 
PULSES 

a) Local Units Tests 
1. PFX, OHC, BUSBARS High Voltage Tests 
2. PFX and FILTER Power Tests on Dummy Load (20kA) 
3. PCC Control microprocessor runs In open loop 
1. Injection of P1MPC protections, CODAS end to end 

b) Current Tests with PFGC In Short Circuit 
1. Calibration of Shunts for P1 currents measurements 
2. Primary injection of 21* P1MPC protections 

c) Tests with PFX on P11.2.3 with Power 
1. Power tests of PFX, FILTER and BDX (32kA) 
2. P1MPC Protection 5 (P1 current In opposite direction) 

d) Integrated Tests of PFX, PFCC, P1, PCC 
1. Premagnetisation only 10, 20, 30, UOkA 
2. ID Control and Stray Fields during Premagnetisation 
3. Interruptions of 10, 20, 30, lOkA 
II. PCC P1 current limiters: IBMAX, IBMIN, IAMAX 
5. Protective actions: CISS ES, SoftStop, intertrips 
6. Full performance (full PFX current and PI swing) 

e) Integrated Tests with Plasma 
1. PCC plasma feedback loop performance 
2. PCC ID control loop performance 
3. PCC plasma termination (DIP, IPMIN) 
M. Coupling of Plasma Shape and Radial Position Control 
5. Test or the PI limiters and control sequences 
6. Test of the plasma shapes produced by PFX current 

6 
21 

6 
2 

II 
i| 
5 
5 
5 
2 

2 
2 
2 
2 
8 
2 

The concept of active stray field 
compensation * has been tested to check that the 
field produced by a difference of current (ID) 
between PI —1 ,2,3 and Ρ1Ί,5 coils can eliminate 
the hexapolar stray field produced by P1 
(fig.2). 

The two extra PI subcoils have already 
reduced the P1 stray field at the inner wall 
from 60mT to 10mT. With about 3kA of P1 current 
difference (ID) and with only 2 instead of H P3M 
turns, the stray field level can be reduced to a 
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Fig 2: Stray Fields produced by P1 coils and 2+2 
P3M coils, by different P1 coil current 
difference ID and kOkk Premagnetisation 
in P1H.5. The fields produced by 2 P3M 
turns are also shown for reference. 

negligible value inside the whole vacuum vessel. 
The Interruptions Tests (Table 1D3) have 

shown the correct operation of the blocking 
diodes stack (BDXA, BDXB) and the PFX filter. 
The waveforms of the busbar voltages produced by 
a UOkA interruption are shown in fig 3· 

The overshoot of the P1—1 ,2,3 voltage is 
higher than predicted by the computer 
simulations. Also the current (Ί00Α) flowing 
through the BDX and PFX filter, due to the 
discharge of the Commutating Capacitors and the 
dl/dt of this current at BDX turn off OA/ps), 
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busbars and earth produced during the 
interruption of a MOkA current. 



are twice the expected value. The difference Is 
probably due to a reduction of the PI1,5 
Inductance, due to eddy currents In the vessel 
and In the central JET mechanical structures. 
Despite these difference the blocking diodes 
still operate within their design voltages. 

The digital control of the plasma current 
(PCC) became operational in JET in 1986. In 
order to control the new complex JET Magnetising 
Circuit, a new series functions had to be 
provided. These are: 
 the IB Premagnetisation Control 
 the control of the ID P1 Coil Current 
Difference 
 the IBMIN Minimum P1H.5 coils current 
limiter 
 the IBMAX Maximum PIΊ,5 coils current 
limiter 
 the IAMAX Maximum Ρ11,2,3 coils current 
limiter, function of the Toroidal Field. 

The new PCC limiter functions have added a 
new level of protection and have simplified 
greatly the operation at full performance near 
the machine limits. The intervention of the 
P1MPC protections and the following drastic 
termination of the pulse due to changes of 
plasma resistivity can be avoided. 

The sequence and logic of Intervention of the 
PCC control algorithms ' Is summarised in fig.4. 

The performances of the difference PCC 
functions after corrections and optimisations 
performed during commissioning are shown in 
Tablo ?. 

After recallbratlon of the CMC current 
transducers and a modification of the P1 cooling 
system, allowing I2T of ilO«109A2s in P11.2.3, 
the full PI current swing pulses were repeated 
(Table 1, D6). 

The measured total PI flux swing (fig.5) is 
M2Wb at the inner wall and 39.8Wb at the 
outside. The flux swing linked with a standard 
plasma current Is slightly more than 11Wb with 
an increase of around 7Wb from the JET design 

value (31Wb). 
The measured vertical field on the JET 

midplane produced by 35kA of PI coil current 
difference (ID) is shown in fig.6. The field, 
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TABLE 2: PERFORMANCE OF THE DIFFERENT FUNCTIONS OF 

THE PLASMA AND P1 CURRENT CONTROL 

IP PLASMA CURRENT CONTROL 

• Closed loop response t ime Τ » 0.15s 

PE • Percentual plasma current error I 
IB PRFIMACNETISATION CURRRNT CONTROL 

• Overshoot I  0.6kA 
o 

ID CURRENT CONTROL 
• Closed loop response time Τ.  25ms 
• ID current error ID_  12kA 

IB MAXIMUM CURRENT LIMITER 
IB MINIMUM CURRENT LIMITER 

• Closed loop response time T_  30ms 
• IB current overshoot 

IA MAXIMUM CURRENT LIMITER 

12Í 

I B 0  12kA 

• IA current overshoot I 1kA 
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mainly hexapolar, is particularly strong on the 
inside in front of the iron collars. 

During these tests the coils and the power 
supplies were tested at their maximum 
performances. In Table 3 the main parameters of 
the JET Magnetising Circuit are listed together 
with their design values and the maximum values 
reached in these commissioning pulses and in 
operation. 

3. THE NEW VERTICAL FIELD CIRCUIT FOR THE 
. CONTROL OF P4 CURRENT IMBALANCE 
With the extra quadrupolar and hexapolar 

fields produced by the CMC, magnetic separatrix 
operation at 44.5ΜΑ with single null and 
3.54MA with double null has been obtained. To 
extend the single null configuration at 5MA and 

over, avoiding too high shear stresses in the 
collar tooth region of the TF coils 3, a new 
configuration has been proposed making use of an 
imbalance of current in the Vertical Field 
Coils. With a current imbalance of 500kA turns, 
more in the upper Pi coil than in the lower P4 
coil, a single null 7ΜΛ configuration has been 
predicted by computer simulations. 

TABLE 3: MAIN PARAMETERS OF THE JET PF SYSTEM: JET DESIGN 
VALUES, VALUES REACHED DURING COMMISSIONING 
AND DURING HIGH CURRENT OPERATION 

(MA) 
(s) 
(s) 
(V) 
(kA) 

Design 
Value 

H.8 

HO 
HO 
3" 
2.6 
0.1)8 
0.80 
0.81 

PLASMA CURRENT 
FLAT TOP TIME 
RISE TIME 
LOOP VOLTAGE 
P1H.5 CURRENT 
P11 ,2 ,3 CURRENT (kA) 
PI FLUX SWING (Wb) 
PFGC ENERGY (GJ) 
RH ENERGY (GJ) 
R3 ENERGY (GJ) 
R8 ENERGY (GJ) 
PFX I»»2»T (GA's) 16 
PFGC I«»2«T (GA's) 90 
P1H.5 I**2«T (GA'sJ 32 
P11 ,2 ,3 I»»2»T (GA's) 32 
MAX PFGC CURRENT (kA) 85 
AT: PFGC VOLTAGE (kV) 5 

PFGC SPEED (rpm) 225 
MAX PFGC EXC CUR (kA) 5.6 
MAX PFX CURRENT (kA) 35 
MAX PFX VOLTAGE (kV) 2.8 
MAX PSFA CURRENT (kA) 35 
MAX PVFA CURRENT (kA) 35 

Comm 
Value 

HO 
60 
12 
2.3 
0.2 
0.3 
0.6 
9 
56 
2H 
38 
70 
3 
150 
H 
35 
2.1 

Operat ion 

7 
2 
9 
11.3 
HO 
60 
H2 
1.9 
0.2 
0.3 
0 .6 
0 . 7 
Hi 
19 
25 
73 
3 
165 
H.2 
20 
2 .2 
12 
27 

5XP 
5 
10 
1 
30 
H7 
32 
0.75 
0.08 
0.17 
0.32 
9 
15 
7 
21 
37 
1 
110 
2 
32 
1.H 
35 
25 

In May 1988, t he V e r t i c a l F i e l d C i r c u i t was 

modif ied to c o n t r o l t he imbalance of t he Ρ4 

c u r r e n t . The new scheme i s shown in f i g . 7 . The 

b lock ing diode of PVFA 3  4 and t he temporary 

Booster Ampli f ie r a r e s p l i t between t he upper 

and t h e lower h a l f of t he c i r c u i t . A new c a b l e 

(10kA, 20s) connec t s the midpoint of Pi c o i l s 

with t he midpoint of t he V e r t i c a l Ampl i f i e r . 

A d d i t i o n a l c u r r e n t t r a n s d u c e r s , new 

p r o t e c t i o n s and a new c o n t r o l system have been 

prov ided . The new p r o t e c t i o n s a r e t he DC 
2 

o v e r c u r r e n t and t he I Τ p r o t e c t i o n s of t he new 

c a b l e and two independent o v e r c u r r e n t 

p r o t e c t i o n s for the A m p l i f i e r ' s Unit 3 and Unit 

4. The new c o n t r o l f u n c t i o n s comprise t he 

feedback c o n t r o l of the Pi c u r r e n t imbalance , 

t h e l i m i t e r of the P4 c u r r e n t imbalance , the PI 
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Fig 7: New Vertical Field Circuit for the 
control of Pi Current Imbalance Ij. 

average current limiter and the limiter of the 
voltage imbalance. 
H. OPERATION OF THE NEW POLOIDAL FIELD CIRCUIT 

1.1. 7ΜA Limiter Operation 
The reduction of stray fields obtained by the 

extra two P1 subcoils has allowed reliable 
breakdown at maximum premagnetisation current 
(HOkA) with a flux loss of less than 1Wb ". The 
extended PI flux swing has permitted routine 
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Fig 8: PF System Currents during a 7MA plasma 
pulse. 

operation at 6MA for 7s and a few test pulses at 
7MA. In the 7MA pulses, because Ο,ψ is less than 
3, to avoid disruptions during the rise phase, 
the rate of rise of the plasma current is 
limited to Ο.βΜΑ/s, using simultaneous Toroidal 
Field ramp up. The operation at <3ψ<3 also 
increases the plasma resistive losses. In fig.8 
the main PF current waveforms are shown. 

H.2. 5MA Magnetic Separatrix Operation 
The new modifications allowed routine 

operation with magnetic separatrix in single 
null configuration, with plasma current up to 
5MA. The simulated 7MA Xpoint configuration 
exceeds the actual operational limit imposed to 
the quadrupole field at high plasma current to 
prevent vertical disruptions from overstressing 
the vacuum vessel. 

The magnetic configuration of a 5MA Xpoint 
discharge is show in fig.9. In fig.10 the 
relative Poloidal Field Circuit voltage and 
current waveforms are shown. 

Zlm) 0 

NS1717S 
lp=5MA 

Fig 9: JET magnetic flux surfaces Tor an XPoint 
discharge with I_ = 5MA. 

The up/down disymmetry of the plasma and PF 
coils configuration and the vertical 
displacement of the plasma current centre has 
coupled the Vertical Position Control System 
with the remaining part of the PF circuit. 
During sudden changes of plasma current profile, 
vertical instabilities have been experienced, 
generated by the fast rearrangement of the 
vertical equilibrium and the saturation of the 
Plasma Vertical Position Control System. 
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5. FUTURE ENHANCEMENTS 
5.1. Disruptions are still the major cause 

of concern in the operation of JET at high 
plasma currents and large elongation ratio. 
Many improvements of the Poloidal Field Power 
Supplies and Control Systems are necessary in 
order to reduce the number of shocks to the 
vessel during Tritium operation to a minimum. 

To avoid disruptions due to the m=2, n=1 
locked mode, two new high frequency amplifiers 
(0IOkHz, 3kA, 0.7kV) will be connected to eight 
saddle coils to try to stabilise m=2, n=1 mode 
by feedback. 

To reduce the risk of vertical instabilities, 
new control schemes will be implemented in the 
next shutdown period 5

. A study to upgrade in 
voltage and speed the Radial Field Amplifier is 
in progress to overcome the problem of voltage 
saturation during single null operation and 
increase the stabilisation margin. 

5.2. To improve the XPoint configuration at 
high plasma current the PF Circuit Amplifiers 
(PFX, PSFA, PVFA) will be upgraded from the 
actual rating of 35kA for 12.7s to HOkA for 15s, 
by changing the thyristors in the bridges. 

5.3. The Poloidal Vertical Boost Amplifier 
will be operational after the next 88/89 JET 
shutdown period and will provide a better 
control of the Plasma Radial Position during the 
oar I y phnao of the; d i nolKirfţo, allowing a moro 
reliable plasma start up. 
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THE DESIGN, CONSTRUCTION, INSTALLATION AND TESTING OF A BOOST AMPLIFIER FOR THE VERTICAL FIELD 
POWER SUPPLY OF JET 

M.Huart, G.L.Basile», D.Ciscato»», O.Buc, J.K.Goff 

JET Joint Undertaking, Abingdon, Oxon, OX113EA, UK 
» OCEM Spa, San Giorgio di Piano, Bologna, Italy 
»»Università di Padova, Padova, Italy. 

The Poloidal Vertical Field Boost Amplifier (PVFB) is designed solely to assist the plasma 
atartup phase in JET (12s)). Its rating of 11 kV no load, 6.0kA DC is obtained from four 
identical modules each consisting of drytype transformer and aircooled thyristor rectifiers 
mounted in high voltage decks. The paper will review the system design of the power supply, the 
layout of control and protection, the firing generation and monitoring as well as the thyristor 
failure detection. Finally, the paper will review the factory tests performed on the equipment. 

1 . INTRODUCTION 
The Vertical Field Circuit of JET is supplied 

from an amplifier (PVFA 34) rated 2.8kV no 
load, 35kA for 12.7 seconds. The need to 
provide a higher (boost) voltage during the 
plasma startup is reviewed in [l], and stems 
from the new configuration of the Poloidal Field 
Circuit introduced in early 1985. To maintain 
the radial equilibrium of the plasma column 
during the early fast rise phase, the voltage 
applied to the vertical field coils should be 
approximately equal to half the voltage applied 
to the magnetising coils, typically 10kV20kV, 
depending on the premagnetisation current. 

W· ir 

t i g " ?'■ -i\+M SA 

"J 
FIO lb 
ORIGINAI DESIGN Of VERTICAL FKID 
CIRCUIT WIIH BOOST AMPI M R 

tr>r 
FIG 1 l ARRANGEMENT OF JET POlOOAl MAGNETISING CIRCUIT 

Η,,ί " f m . « . u » i . 
^ » . i E H " 

F « U 
REVISED DESIGN OF VERTICAL F Ï I D CIRCUIT 
TO OBTAIN CURRENT «BALANCE M COU P I 

With the limited capability of PVFA 3H, the 
radial position control saturates for 150300 
milliseconds causing a radial position error and 
restricting the parameter range for breakdown. 

2. REFERENCE DESIGN 
The Design Study for the Poloidal Vertical 

Field Boost Amplifier started in late 1985. 
The preparation of technical specifications 

was produced in early 1986 and the procurement 
• contract was placed in October 1986 with the 
firm OCEM Spa after a Call for Tender. 

The PVFA 34 was originally fitted with a 
series blocking diode rated 12.0kV, 35kA. The 
higher voltage required could be obtained by 
connecting in parallel to this "bypass" diode a 
"boost" amplifier of low current rating (6kA) 
(fig lb). The reference design arrived at a 
configuration of four identical series connected 
modules, each rated 2.7kV, 6kA for 0.5s. 

The design established the possibility to 
feed the modules of the boost amplifier directly 
from the output of the PVFA 31 33kV/1.05kV 
transformers. 

The transformers of PVFB have therefore a 
ratio near unity (1050V/1015V) and therefore a 
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dry-type transformer for indoor use was an 
attractive solution as it would lead to a more 
compact design with the rectifier mounted above 
the transformers. 

In addition, various other features were 
fixed, namely: 
- the thyristor rectifiers are to be air-cooled 

in preference to water cooling in view of the 
higher reliability and lower maintenance, 

- each module consists of two series connected 
thyristor bridges and thereby avoids series 
connected thyristor in bridge arms (fig.2), 

- the rectifiers of each module are housed in 
H.V. decks. This reduces the insulation level 
of the rectifier components from 20kV rms to 
5.5 rms test voltage. It led to a more 
compact design of the rectifier and it 
simplified the design as 6-12kV is the 
insulation level of currently available 
components (power capacitors, voltage/ 
current transducers, pulse transformers, fuse 
microswitches, etc). 

- the rectifiers have no thyristor fuses. The 
failure of thyristors is detected by the 
reverse current and causes the full inversion 
in less than one cycle and the subsequent 
tripping of the circuit breaker. In fact, if 
fuses were fitted, the low value of the fault 
current with respect to the pulse current 
means that it would take several cycles before 
the fuse cleared the fault. 

- the H.V. decks are fitted with autonomous fire 
detection and fire suppression equipment. The 
fire detection module causes both the 33kV 
circuit breaker and the 2ÍJ0V supply to the 
H.V. deck to be tripped and halon to be 
released within 5 seconds of a fire being 
jointly detected by two separate sensors. 

3. POWER SYSTEM DESIGN - OVERCURRENT PROTECTION 
The power system design is dominated by the 

large fluctuation in fault level due to the 
variation of the 33kV busbar voltage, the 
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FIG. 2 ARRANGEMENT OF VERTICAL FIELD 
AMPLIFIER AND BOOST AMPLIFIER 

voltage drop due to the commutation of the PVFA 
3-4 bridges and the impedance of the PVFB 
transformers. 

First, the impedance was chosen on 
consideration of the detection of the minimum 
fault current. This was defined as the short 
circuit, across one module only, that occurs 
when the PVFB is rectifying a current equal to 
the setting of the DC overcurrent trip (set at 
130Í rated current). The fault current was set 
at 160% rated current to allow for 
discrimination. In the same condition, the 
short circuit of one bridge only would lead to a 
fault current equal to 170% rated current. 

This gave a maximum impedance of 5%. The 
impedance of the PVFB transformers was chosen as 
4.5Í ± 10%. The transformers are rated 
1050V/1015V - 1015V, 3^00kVA. 

Despite this rather low impedance, the fault 
current level in PVFB when the PVFA is operating 
at its rated current of 35kA DC would be no more 
than 6.0kA, too low to be detected. 

To overcome this difficulty, both the DC and 



AC overcurrent protections have two levels. The 
lower level, corresponding to 1 kA DC equivalent 
Is selected whenever the DC or AC current 
signals from the PVFA rectifier rectifier exceed 
a level higher than 8kA DC equivalent (fig.3). 

2i SYNC 
VOL 

;.ACcr 
0/1 

0.6.53kA r.ms. 
lekA d c 

t>l 

|—0
PVFB 
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DCC Τ 

th 
ι—i—s κ. TION 

LEVEL 3A 

O 0/1 
CONTROL 

FULL 
INVERSION 

·—&0/I d c 0/1 

PVFB 

Οη 
\sy 

0/1 

ACTION 
LEVEL 3A 

0akA dc. 

FIG.3 CONCEPT OF THE OVERCURRENT PROTECTION 
AND CONTROL INHIBIT (ONE UNIT ONLY) 

1). RECTIFIER ASSEMBLY  HV DECK 
The circuit diagram of the H.V. Deck is 

shown in fig.4. Each H.V. Deck contains two 
thyristor bridges series connected with the 
midpoint connected to the H.V. Deck frame. The 
insulation level of the rectifier within the 
H.V. Deck is 5.5kV rms. Wherever possible, an 
insulation level of 10kV rms has been used in 
the design of the assembly and in the selection 
of components. 

Each thyristor bridge is rated 1370V DC no 
load and 6kA 0.5s every 10 minutes. The 
rectifiers use a single thyristor per arm, type 
DCR 1176, VRRM  3600 V, Ifty  1360 A (single 
side cooling). The Junction temperature for the 
rated duty is 50°C above the heatsink 
temperature estimated as 17°C in an external 
ambient of 35°C. The thyristors are clamped on 
aluminium extrusión forming the positive and 
negative terminals of each bridge. The air 

cooling of the heatsink is assisted by a fan 
capable of 230 m /hour at 6mm H O . 

The AC input is supplied from bushings at the 
bottom of the H.V. Deck through individual 
Rogowski coils aimed at detecting thyristor 
failures. The DC outputs are connected at the 
top of the H.V. Deck. 

FIG.¿ CIRCUIT DIAGRAM OF H.V. DECK. 

5. LAYOUT OF THE CONTROL AND PROTECTION 
The control, monitoring and protection (CMAP) 

functions related to the rectifiers are located 
at H.V. Deck potential, In a segregated 
compartment. All signals between the H.V. Deck 
CMAP system and the power circuit sensors are 
transmitted either optically or through a high 
voltage isolation interface (15kV DC). 

All other CMAP functions related to the 
complete Boost Amplifier as well as the 
interfaces with PVFA, the Control and Data 
Acquisition System (CODAS), the Central 
Interlock and Safety System (CISS) are housed in 
a segregated Local Control Cubicle (LCC) 
situatated outside the HV area for accessibility 
during operation. 
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FIG. 5' LAYOUT OF CONTROL SIGNALS 

The layout of signals is shown schematically 
in fig.5. Signal transmission between each H.V. 
Deck and the LCC is through Hewlett Packard 
plastic fibre optic cable type HFBR3530. JET 
favoured the use of individual fibres rather 
than multiplexed serial links. The total number 
of fibre links installed is 72 with a further 12 
available for spare status and four available 
for spare commands. 

The CMAP functions are distributed in the LCC 
as follows: one "system" crate houses the 
control loops, two "modules" crates house the 
alarm status and protection of each module, one 
"unit" crate holds the firing pulse generation 
and alarms related to the units. Two crates 
handle the conditioning of all external signals 
(capacity for 187 including spares) with the 
exception of optical signals routed directly to 
the "unit'V'module" crates. 

The layout of the protection logic is shown 
schematically in fig.6 where only one unit is 
represented. The layout has been simplified by 
the adoption of "action levels" which relates to 
the level of protection action resulting from 
fault conditions. Four levels have been 
identified, namely: 
 action level 1 inhibits the next JET pulse 
through CISS; 

 action level 2A/2B causes the immediate 
inversion of unit A/B to transfer the DC 
current to the freewheel diode followed by the 
blocking of firing pulses of unit A/B; 

 action level 3A/3B causes in addition the 
tripping of the 33kV circuit breaker related 
to unit A/B; 

 action level M causes the tripping of both 
circuit breakers. 
The PVFB has a short time rating (nominal 

0.5s). To ensure a proper thermal protection of 
the various components in all scenarios, the 
following protections have been implemented: 
 thyristor junction temperature simulation 

(ΔΤ =65°C) 
 heatsink overtemperature (Τ, =60°C) 

h 
 primary cable temperature simulation 

(ΔΤ =50°C, T=1600S) 
c 

 transformer cooling air temperature 
(T =150°C) 
a 

These define the current capability of the PVFB 
(fig.7). 

FIG 6 LAYOUT OF PROTECTION AND INTERLOCK 
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6. THYRISTOR FIRING GENERATION, DISTRIBUTION AND 
MONITORING 
The firing pulse generator of each PVFB unit 

la digital. A PLL provides the clock signal to 
a counter modulo 3072 and a 12 bit tracking ADC 
converting the analogue control signal from the 
voltage feedback amplifier. The output of the 
counter is a synchronised reference sawtooth 
with a bit resolution equivalent to 0.12 
electrical degrees. 

The output of the counter and the ADC are 
summated in a modulo 3072 adder to provide a 
sawtooth phase shifted with respect to the 
reference. It is then decoded to derive two 
sequences (30 degrees phase shifted) of pulses 
(spaced by 60 degrees) which are sent to each HV 
deck module. 

The firing pulse generator is also provided 
with logic inputs for full inversion, blocking 
firing pulses and for reset. The decoder output 
is checked for correct sequencing. 

The pulses to each module are transmitted 
through plastic fibre optic links to the H.V. 
Deck. They are split by the receiver between 
the firing pulse amplifiers of each bridge. 
Each firing pulse amplifier is used to gate the 
20kHz pulses from a common power oscillator. 
Part of the initial peak of thyristor gate 
pulses is shunted through a fibre optic link 
(for isolation) to a receiver in the H.V. Deck 
control compartment where the signals are 
oombined into a serial pulse train for 
transmission to the LCC. The parallels signals 
originally sent to the H.V. Deck are then 
compared with the serial signal using 
combinational logic to provide indication of any 
"missed" pulse in any particular thyristor 
(fig.8). 

The original concept of this system indicated 
that large scale logic Integration would be 
desirable. This led to the consideration of 
Application Specific Integrated Circuits 
(ASIC) which uses complementary metal oxide 

semiconductor (CMOS) Erasable technology to 
provide User Configurable Integrated Circuits 
(UCIC). The logic design entry is made through 
a "PC" using high level macrofunctions, state 
machine descriptions or Boolean equations. 

Using these "programmable logic devices" 
(PLDs), minor design errors were then 
reprogrammed in a few hours. 

KN01IS FM« UBO 

FIG 8 FIRING PUISE H0HIT0RING 

7 . THYRISTOR FAULT CURRENTS. BREAKDOWN AND 

DETECTION. 

7.1 Thyristor fault current. 
The following faults have been simulated in 

conditions leading to the worst fault current 
(maximum voltage, minimum reactance) namely: 
short circuit across one bridge, across two 
bridges and across the load. The calculated 
waveforms of fault current were then sent to the 
device manufacturer to assess junction 
temperature and thyristor survival. 

The worst case is the short circuit of one 
bridge only. The initial peak current is 32kA 
decaying to 2'lkA, values above the surge rating 
of the thryistors (respectively 29kA/10ms and 
l8.5kA/100ms). There is however no danger of 
explosion since the explosion rating lies 
between 5 and 10 times the surge rating. 

With a short circuit across two bridges (one 
H.V. Deck), the fault currents (21kA, 17kA) are 
within the surge rating of the thyristors. 

With a short circuit across the load, the 
rault current in PVFB is low due to the voltage 
drop in PVFA transformers. 
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7.2 Thyristor breakdown. 
The fault current resulting from a thyristor 

breakdown have been simulated in the worst 
conditions of voltage and impedance. The 
currents in the healthy and faulty thyristors 
are shown in fig 9. The surge rating for 0.1 
second is exceeded. However, if the detection 
of the failure and the full inversion of the 
bridge occurs within a cycle, the surge rating 
will not be exceeded hence assuring survival of 
the healthy thyristors. 

7.3 Detection of thyristor failure. 
The detection of thyristor failures is 

achieved by the monitoring of the reverse 
current in the thyristors. The arms of the 
bridges are fitted with individual Rogowski 
coils (fig M). The signals from the coils are 
routed to active integrators as shown in fig 
10a. The diode clips the forward arm current. 
The output for a healthy thyristor is shown in 
fig 10b. The time constant of integration is 
clearly visible. At steady state, the output 
oscillates between -0.5 volt (diode) and 
+0.5 volt/2 + 1.5 times the initial voltage 
offset (120° conduction). This offset can be 
kept low by using a low time constant (low gain) 
since the reverse current to be detected is 
short lived (1 or 2 cycles). The parameters 
adopted were: gain of integrator = 100, time 
constant = 1s, maximum positive output voltage 
including offset = 0.^75 V, tripping level of 

detection: 1 volt ( = 1,7kA reverse current). 

R, 

ROGOWSKI 
COIL 

FIG. 10 a. REVERSE CURRENT DETECTOR 

FIG. 10b. OUTPUT OF REVERSE CURRENT DETECTOR. 

FIG. 10 c. OUTPUT OF REVERSE CURRENT DETECTOR. 

8. FACTORY TESTS 
The factory tests of the transformers 

included the routine tests and in addition a 
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short circuit withstand test to prove the 
mechanical design. Nine short circuits (0.5s 
long) were performed at the High Current 
Laboratory of CESI (Milan) on transformer 74066 
which passed the test successfully. 

The factory tests or the HV decks and LCC 
consisted of functional tests and power tests. 
The functional tests were aimed at checking the 
correct operation of all alarms, protections, 
commands, as well as checking the calibration of 
monitoring circuits. 

On completion of these tests, the LCC was 
Installed in a temperature controlled room and 
the temperature was set to 50°C ambient. The 
equipment was left energised overnight to 
detect spurious faults and the functional tests 
were repeated to check the correct operation at 
elevated temperatures. A similar test was 
performed on one H.V. Deck module. 

The power test consisted of 1) load test to 
check the firing pulse synchronisation and the 
voltage loop, 2) high current test to check the 
calibration of DCCT against an external shunt 
and the correct operation of the reverse current 
detection. Due to supply limitation, the 
maximum current was limited to 3.7kA. The 
calibration of the DCCT was within 0.1$ of full 
scale. To check the correct operation of the 
reverse current detection, the connection of one 
Rogowski coil was inverted. Fig 10c shows the 
output signal of the integrator. The first 
current pulse corresponds to a transient during 
the release of firing pulses. The second 
current pulse has a peak of approximately 2.0kA 
and is sufficient to trip the reverse current 
detection and to cause the full Inversion before 
the subsequent cycle. 

October 1988 and the power tests on dummy load 
will be performed in November and December 
1988. 
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9. SITE INSTALLATION AND TESTING 
The installation of the PVFB on the JET Site 

was completed in August 1988. The functional 
tests with CODAS, CISS, PVFA will take place in 
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ALIGNMENT OF THE JET HIGH POWER PARTICLE BEAMS 

Ρ Massmann, G H Deschamps, H D Falter, R S Hemsworth and A Meinberger 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA 
Fachhochschule Aachen, Juelich Branch, West Germany 

The alignment procedure for the JET beams is described. Deviations up to 0.5° of the actual 
beam axis from the nominal geometric centre line have been found in the Test Bed. Vertical 
deviations can usually be corrected by a single source adjustment. Horizontal deviations are 
deduced to be caused simultaneouly by mechanical inaccuracies, power effects and by the ver
tical component of the Earth's magnetic field. 

1. INTRODUCTION 
The JET D injectors deliver a power of a

lîout 10 MW with a peak power density of nearly 
10 kW/cm for pulse lengths of some 10 s. The 
lengths of the beam line is about 10 m, the 
beamlet divergence is around 0.7 . To keep the 
component power loading at the beam edge below a 
dangerous level, and for optimum transmission 
through a tight geometry, precise knowledge of 
the beam profile along the beamline is essen
tial. For safe operation of the JET beams the 
tolerable alignment accuracy is about 0.1 . 

The original.procedure provided that the op

timum alignment of each individual PINI (Posi
tive Ion Neutral Injector) source, as defined by 
the Torus entrance port, was to be determined in 
the Neutral Injection Test Bed prior to instal
lation on the injectors. The Torus magnetic 
stray field, the only important item which is 
not duplicated or simulated in the Test Bed, was 
to be screened by iron shielding around the in
jectors. Therefore the alignment diagnostics on 
the Torus lines has been limited, only allowing 
horizontal checks on the Calorimeters or the Box 
Scrapers. 

Experience has shown that the alignment is 
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not transferable. One reason is the high 9tray 
field still present despite the shielding, which 
has led to the application of extra compensation 
coils. Moreover, the final alignment is of ne
cessity determined in situ. To facilitate this, 
the manual Torus PINI steering will be replaced 
by a remote system. 

The majority of the alignment measurements 
have been performed in the Test Bed, which re
mains irreplaceable to obtain indicative and 
special data. 

2. EXPERIMENT 
2.1 Test Bed 
Fig. 1 shows a plan view of the Test Bed e-

quipped for a dedicated injector test (Quadrant 
Test). The measurements were done with one PINI 
mounted at the left hand (position A) or the 
right hand port (position 1) located side by 
side above the horizontal midplane of the Neu
tral Injector Box (NIB). 

The sources can be steered remotely by means 
of pneumatically driven, adjustable flanges. The 
displacement of a steering flange is recorded by 
vertical and horizontal sensors. With the in
stallation of a new source the steering flange 
is aligned to the geometric (beam) centre with a 
telescope. After pump down this is reset using a 
laser system. The horizontal and vertical sensor 
readings are then set to zero. 

2.2 Diagnostics 
Determination of the actual alignment occurs 

mainly by thermal diagnostics on actively cooled 
beam stopping panels by fast bare wire thermo
couples (TCs) inserted in the metal 3 mm below 
the exposed surface. Stainless sheathed TCs in 
the cooling channels allow to measure the power 
on a panel or subcomponent by water calo-
rimetry. Most of the measurements are done on 
the Test Bed Beam Dump (TBBD, Fig. 2) at nomi
nally 12180 mm from the source. The TBBD panels 
are mounted horizontally to form a curved "Vee" 
in the vertical direction. The dashed lines show 

where the nominal vertical centre planes inter
sect the panels. The nominal beam centres land 
on element 18 (shaded). The crosses indicate 
fast TCs. Panel water TCs are marked by a "W". 

Vertical beam profiles from the fast TCs are 
obtained by a Gauss fit through the maximum tem
perature points plotted against the distances to 
the nominal beam centres. Line power density 
profiles are derived from water calorimetry by 
applying the Gauss fit to a spatial plot of the 
integrated powers over the projected vertical 
panel heights. The two methods agree well. Pro
file variations along the dump are neglected. 

Horizontal profiles are measured on element 
18. In this direction the beam is effected by 
scrapers and the profiles have to be corrected 
by transport calculations. These use the diver
gence from a vertical profile. The correction is 
obtained by comparing the Gauss fit through the 
calculated points with the one through the mea
sured points. 

The JET injectors and the Test Bed are also 
equipped with optical beam scanners, which re
cord line integrated H- alpha intensity pro
files. The scanner zero alignment is determined 
with a fluorescent light tube suspended along 
the nominal beam centre. For this purpose the H-
alpha filter is removed. 

At present this method is not yet refined 
enough to be routinely available. The main 
problems arise from background and reflection 
effects causing non- zero baselines and asymme
tric plateaus in the wings of the profiles. The 
presented data have been evaluated by hand fit
ting Gaussiane through selected points of the 
profiles. 

3. MEASUREMENTS 
3.1 Alignment 
The optimum alignment is determined on the 

TBBD from a horizontal scan after alignment of 
the perveance matched beam to the nominal 
vertical centre. The PINI is then moved horizon-
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FIGURE 2: Projection of Test Bed Beam Dump onto a Plane Normal to the Target Tank Centre Line 

tally by about 100 mm and the horizontal and the 
vertical positions are recorded. In a plot of 
the horizontal position versus the flange rea
ding a straight line is fitted through the data 
parallel to the line expected from the movemment 
of the PINI flange. The offset between the two 
lines yields the deviation from the nominal cen
tre. The vertical alignment is found from the 
vertical position together with the relation be
tween the two readings. The vertical position is 
not derived from a scan because energy reflec
tion in the TBBD leads to errors when the beam 
is moved away from the vertical centre. 

Fig. 3 shows a horizontal scan comparing the 
TBBD data with values from Beam Scanner 2. The 
solid points would have been measured if the 
TBBD were at the scanner distance at 6970 mm 
from the source (shaded port Fig. 1). Both me
thods indicate about 0.45 offset to the right. 
This is, within the experimental errors, in a
greement with calorimetrie measurements on the 
Test Bed Box Scraper. 
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3.2 Beam Position Variation 
First indications, that the beam position 

depends not only on mechanical alignment, have 
been found during the 1st injector test (Qua

drant Test). Whereas the vertical position on
ly showed small variations, larger deviations 
were found horizontally. Fig. 4 shows a temporal 
movement to the right during a pulse. The diffe
rence between an undeflected (a) and a neutral 
beam (b) is surprisingly small. The movement is 
less at lower source power (c). In H, for pulses 
of a few s the right hand deviation is even lar
ger than in Do at comparable voltage. 

Changes in the horizontal position have also 
been found during perveance scans. Curves b) in 
Fig. 5 show the right hand movement of a H2 beam 
formed by a 4 grid accel stack of a PINI in po
sition 4. The data were recorded after source 
alignment at 60 kV (Fig. 3). The deviation gets 
larger as the power is increased without yiel
ding a direct dependence. A plot versus arc cur
rent results in a similar picture. Curve a) is 
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obtained with a D2 beam in position 1 from a 3 
grid accel system after alignment at 140 kV. In 
this position the source is mounted upside down. 
Now the beam moves to the left with higher per
veance. 

Various experiments have been done in diffe
rent gases with a particular 4 grid source, PINI 
A. The data were obtained on the TBBD with an 
undeflected beam in position 4. The results are 
summarised in Table 1. The data now confirm a 
source gas dependence. H2 yields the largest de
viation from the nominal centre, D2 beams are 
less offset, whereas in Ar the actual centre a
grees with the geometric alignment. Rotating the 
PINI by 180° about its centre line gives an off
set to the left which is in disagreement with a 

P U L S E L E N G T H 

FIGURE 4» Beam Movement with Time 
a) 80 kV undeflected, b) 80 kV deflected, c) 60 
kV deflected. Measurements with Deuterium beams 

pure source effect. Note that in this position 
the real beam axis agrees with the PINI centre 
line. The comparison between H2 and D2 at the 
same power yields a deviation to the right' in 
H,· This offset is again increased when the po
wer is doubled. The last 3 measurements show the 
reproducibility of the gas effects. Changing 
back to H, yields nearly the same position and 
Ώ~ results in an offset to the left bringing the 
beam axis back to the PINI centre line. 

The gas dependence of the vertical position 
is small. The only larger variation is obtained 
by rotation of the PINI. Like in the horizontal 
case the measured offset is not consistent with 
a deviation induced inside the PINI. 
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FIGURE 5: Beam Movement with Perveance 
a) Deflected D2, 3 grids, position 1; b) Unde
flected H2, 4 grids, position 4 

4. DISCUSSION AND CONCLUSION 
It is shown that actual beam positions can 

be determined on the TBBD with an absolute ac
curacy of 0.05°. The consistency of the TBBD 
data is confirmed by calorimetrie and optical 
measurements. As demonstrated, the scanner tech
nique can yield reasonable results if changes in 
the sofware are introduced. 

Considerable deviations of the actual beam 
axis from the nominal centre have been found. 
Vertical offsets can usually be corrected by a 
single source adjustment. Since the vertical 
alignment is less critical this is not further 
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TABLE 1 
Summary of PINI A Alignment Data 

SHOT NO 

========= 
21406 
21412 
21743 
21927 

DEVIATION 
Horizontal 

[deg] 
Vertical 

========================== 
0.33 
-0.04 
-0.37 
-0.18 

0.41 
0.03 
-0.02 
0.02 

SOURCE GAS 

=============== 
Hydrogen 
Hydrogen 
Argon 
Deuterium 

BEAM POWER 
[MW] 

============= 
1.8 
1.8 
0.8 
3.3 

BEAM VOLTAGE 
[kV] 

================ 
55 
55 
80 
80 

PINI STEERING 
STATUS 

================== 
new source 
re- aligned 
unchanged 
unchanged 

22219 
22257 

22273 
22290 

22297 
22308 

0.01 
-0.19 

-0.03 
0.14 

0.00 
0.13 

0.00 
-0.24 

0.00 
0.03 

0.03 
0.04 

Deuterium 
Deuterium 

Deuterium 
Hydrogen 

Hydrogen 
Hydrogen 

2.4 
2.3 

2.3 
2.3 

2.2 
4.0 

70 
70 

70 
60 

60 
75 

re- aligned 
upside down 

re- aligned 
unchanged 

re- aligned 
unchanged 

22323 
22340 
22425 

0.00 
-0.26 
0.02 

-0.04 
-0.07 
0.08 

Hydrogen 
Deuterium 
Hydrogen 

4.3 
2.3 
4.8 

80 
70 
80 

re-aligned 
unchanged 
unchanged 

discussed. 
Horizontally the beam position depends on 

more than one parameter. One always expected 
effect is the vertical component of the Earth's 
magnetic field, which has been measured to be 
about 0.4 G. A single 80 kV H+ ion travelling 12 
m would be deflected about 70 mm to the right. 
The misalignments found with new sources in po
sition 4 are all to the right and mostly of the 
same order (#21406, Table 1). Also the gas de
pendence (#22290) suggests a magnetic deflec
tion. 

This seems to be contradicted by the fact 
that the deflection increases with beam energy 
(Fig. 5). Table 1 shows however that there is an 
additional effect of power, i.e. thermal expan
sion (#22308). Fig. 6 then means that this pro
cess is also a function of time. 

Consequently beams with the lowest power and 
the highest mass should show the smallest de
flection, which is the case for Ar (#21743). 
Here the actual and the nominal centres agree. 
This suggests that the deviations could be 
caused by dynamic effects only. Also the H2 data 
in Fig. 5 point in this direction. Extrapolation 
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of the perveance matched points (inversed sym
bols) to zero would yield -0.4 deviation, which 
is close to the offset found in Fig. 3. 

Unfortunately the deviations are not the 
same for all PINIs, i.e. there must be inaccu
racies in the sources or in the PINI attachment 
to the injectors. The PINI rotation (#22257) 
seems to show that the attachment might be less 
reproducible than anticipated. Latest data from 
one of the injectors show that in single cases 
the steering can deviate as much as 0.3 , after 
simply taking off and re- installing a PINI. 

In conclusion it follows that for a quanti
tative understanding more unambiguous measure
ments are needed to unravel the superimposed 
effects. This is especially desirable for the 
variation with perveance which is not yet under
stood. The indication that already the Earth's 
magnetic field yields a substantial deflection 
and irreproducibilities in the PINI attachment 
need serious attention with a view to safe in
jection into the tokamak. 



A NUMERICAL MODEL OF THE JET POLOIDAL CIRCUIT 

P. RUTTER, T. BONICELLI, A. SANTAGIUSTINA, P.R. THOMAS and B. TUBBING 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA, England 

The electrical circuit controlling the JET poloidal field system has been modelled numerically to 
enable modifications and enhancements to be analysed prior to installation. The model has been 
tested against a number of typical JET pulses with good agreement. A major enhancement of the 
system has been the current modulation circuit that causes different currents to flow in two parts 
of the JET primary magnetizing windings. The extra electromotive force obtained from this config
uration allows plasma currents up to 7 MA to be sustained with material limiters. Magnetic 
separatrix limited plasmas with currents up to 5 MA are now also possible. The numerical model 
has been used to evaluate machine performance in these situations and to indicate where nominal 
thermal limits on coils would have been reached. A system to recover from a disruption using a 
series of fast rises has been analysed. It is intended that the model should become part of a 
larger system designed to help in the organisation of pulse schedules. 

1. INTRODUCTION 
The Poloidal Field (PF) power supplies of JET 

are described in detail elsewhere1. The 
configuration of the JET PF system which is 
modelled is shown in Figure. 1. 

BOy,L» 

PVFA 

BOxb Lxb 

FIGURE 1 
The circuit modelled 

The Poloidal Flywheel Generator supplies, 
through two diode converters (PFGC), the ohmic 
heating circuit which modulates the flow of 
power from the generators to the magnetizing 
windings of JET. 

These consist of the coil PI which contains 6 
central and 4 outer pancakes plus a few turns of 
the outer coils P3m. The vertical field coils 
P34, which provide for radial equilibrium are 
supplied by AC/DC thyristor converters. The 
current modulation circuit supplies the six 

central pancakes of PI, independently from the 
four end pancakes at the top and bottom, and is 
powered by the Poloidal X-point Field Amplifier 
(PFX). 

The operation of the ohmic heating circuit 
can be divided into three phases; premagnetiz-
ation (PRE <; t < SCB) , fast-rise (SCB £ t < PFR) 
and slow-rise/flat top (PFR ^ t). During the 
premagnetization phase with SI closed and S4 
open, the generator supplies power to the trans
former coils and the kinetic energy is converted 
into magnetic energy. At the beginning of the 
fast-rise phase, the circuit breakers SI interr
upt simultaneously the current flowing through 
them. Due to its large inductance, the load 
acts as a current generator forcing current 
through the commutating resistors R3 and R4. 
This causes a high negative voltage across the 
transformer coils, which produces the gas break
down and the plasma formation. During the fast-
rise phase, the load current decays with a time 
constant that depends on the equivalent induct
ance/resistance (L/R) of the circuit and is not 
strongly influenced by the generator voltage due 
to the connection of the resistor R3. When the 
voltage across the transformer coil is equal in 
amplitude to the generator voltage, the revers-
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ing make switches S4 are closed, allowing the 
reconnection of the generator to the transformer 
coils. This marks the beginning of the 
slowrise phase. From this time onwards (the 
slowrise and flattop phase), the coil voltage 
is smaller than the premagnetization phase and 
so can be controlled with the excitation of the 
generator. 

The model includes a description of the feed
back systems so determining the voltages which 
control the amplifiers and the flywheel 
generator. 
2. EQUATIONS GOVERNING THE SYSTEM 

2.1 The voltages across the coils are given 
by 
•ψ. = Vf  R.r. 

1 1 1 1 

where ψ. is the magnetizing flux in coil i, V. 
is the applied voltage, R.I. is the resistive 
voltage. 

2.2 The plasma loop voltage V , is obtained 
using Spitzer resistivity, a zero dimensional 
power balance and a prescribed form for the 
breakdown losses. 

2.3 The fluxes ψ. are related to the currents 
r
i 

I. by 
J 

L. .1. = ψ.  ψ, tanh &) 

L.. is the incremental inductance matrix for the 
ij 
coils and plasma 
ψ_. represents the magnetization flux due to the 
iron core 
I_ = 105 ampere turns is empirically derived 
J]I is the total ampere turns around the iron 
core. 

2.A The generator 
"The load characteristic is modelled by 

(V + ( V = i» 
K, K, 

α = 1.31 and K2 = 20 are empirically derived 
constants 
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Kj = 2.7xl0"3 Ν 
Ν is the generator speed in radians/sec 
I, is the generator field winding current. 

The mechanical equation for the generator 
speed N, used to determine Kj above, is solved 
using a simple representation of the coefficient 
of friction. 

2.5 The switching network 
The state of the switching network defines 

the phases of operation of the JET ohmic heating 
system. 

2.5.1 Premagnetization: PRE 5 t < SCB, has SI 
closed and S4 open (see Figure. 1). 

2.5.2 Fast Rise: SCB ^ t < PFR, has SI and 
SA open. 

2.5.3 SlowRise, FlatTop, Decay: PFR <. t, 
has SI open and S4 closed. 

2.6 The feedback systems 
2.6.1 The vertical field amplifier is 

connected to a feedback system which is a 
combination of position feedback and pre
programmed waveform. The position feedback 
utilizes a PID controller acting on the control 
flux thus 

V
PVFref = % (δ *R TDR + 6

+R
 + J" 6*R dt

'
T
IR> 

The amplifier response is limited by a maxi
mum negative slewrate of 200kV/sec which simu
lates the response of the thyristor bridge. The 
control flux δψ_ is derived from the difference 

κ 
between the fluxes on the inboard and outboard 
sides of the vacuum vessel, δψ effectively 
measures the plasma position. This in its turn 
is obtained selfconsistently by imposing the 
force balance equation when solving for the coil 
currents in terms of the fluxes. 

2.6.2 The PFX (see Figure 1) feedback system 
is a combination of current feedback and 
preprogrammed waveform. The current feedback 
utilizes a proportional controller acting on the 
reference current and limits on the current in 
the outer PI coils. 



2.6.3 The PFGC feedback system is governed by 
the reference voltage V , which uses a combina

rei 
tion of plasma current feedback and preprogram
med waveform. The current feedback uses a PID 
controller such that 

V , g. (ÔI + ̂ rf^ τ η τ + ƒ ÔI dt/rTT) + VØI ref Di dt DI J II 

The current I used for control and the values 
of g , τ and "tŢŢ, vary depending on the phase 
in which the system is operating and various 
limits imposed on the system. 

2.7 The plasma geometry is determined in the 
2 

manner suggested by Zakharov . 
2.8 Zero dimensional models are used to model 

the current penetration and the power balance. 

3. COMPARISON OF MODEL AND MACHINE 
The model has been tested against a range of 

JET shots to verify that it adequately mirrors 
operation of the machine. Each JET shot is 
controlled by a set of waveforms which 
determines the operating parameters for the 
various subsystems. Each waveform used for a 
particular shot is stored on the network of NORD 
minicomputers and these can be read into the 
model to perform a simulation. The two shots 
shown here are fairly typical examples of a 3MA 
and 6MA plasma. 
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FIGURE 3 
3MA Simulation, primary coil currents 

Simulation is the solid line 

The 3MA simulation is compared with actual 
machine performance in Figures 2, 3. This shows 
adequate agreement in all of the parameters 
shown except for the plasma elongation. The way 
this is modelled in the computer simulation is 
known to have deficiencies and attempts will be 
made at a later stage to try to improve on it. 
However, for the purposes to which the model has 
so far been put, this is not a serious short
coming. 

The 6MA example terminated early due to a 
hardware limit being reached and this accou..t: 
for the large deviation of the model from 
experimental results after 54 seconds. These 
results are shown in Figures h , 5. 
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FIGURE 2 
3MA simulation, plasma current and P3A current. 

Simulation is the solid line. 

FIGURE k 
6MA simulation, plasma current and P3A current 

Simulation is the solid line 
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FIGURE 5 
6MA simulation, plasma geometry 
Simulation is the solid line 

A. 7MA AND AMA SEPARATRIX SCENARIOS 
As mentioned previously the Current Modulat

ion Circuit (PFX) was introduced to enable the 
flux variation to be increased from 3AWb to 
A0.6Wb and to control leakage flux, thus allow
ing plasmas to be sustained with currents up to 
7MA

3 and helping the generation of the magnetic 
separatrix*. This scenario has been evaluated 
by the model with a view to optimizing perform
ance and checking which coils and amplifiers 
will reach or exceed their nominal limits. 

The optimization could then reduce the scope 
of modifications needed to allow successful 7MA 
operation. The calculations show that a As flat 
top will be available with a resistive loop 
voltage of IV. A lower resistive loop voltage 
of 0.5V would allow a flat top of up to 10s to 
be achieved. The simulations indicate that in 
certain situations the thermal limits on the 
central PI coils will be reached and/or the 
maximum current available from the PFGC will be 
exceeded. The former can be overcome when the 
thermal limitation to the central PI coils will 
be increased from 32 to A6GA2s by a modification 
to its cooling system. The limitation coming 
from PFGC can be removed reducing the plasma 
current derivative during the last l2s of slow
rise. 

The AMA Xpoint scenario does not need all of 
the available flux swing and so the resistive 
loop voltage is not critical. The generator 
convertor controls the voltage increasing all PI 
currents on demand from the plasma current 
controller to reach and maintain the required 
plasma current. 
5. MULTIPLE FASTRISE SCENARIOS 

A significant amount of experimental time at 
JET has been lost in recovering from plasma 
disruptions. The He1· glow discharge cleaning, 
while reasonably successful in cleaning the 
vessel, does take about lM hours to complete. 
It also involves operating the neutral beam 
rotary valves and all diagnostic valves; a 
tedious and potentially error prone business. 

MULTIPLE FAST RISE 

1.2 

I 0.8 

°- 0 0 
fvKM 

35 40 45 SO 55 60 65 
TIME 

FIGURE 6 
Multiple fast rise. Plasma current 

Another option is to run a number of fast
rise pulses. This has been a success at times 
and, usually after 3 or A failed fastrises, a 
good breakdown has been achieved. On a number 
of occasions however, the discharge which 
follows has been terminated by a high density 
disruption putting us back to square one. 

The model described here has been used to 
assess the possibility of running a series of 
fastrises in one JET discharge. Breakdown can 
be achieved using the poloidal flywheel genera
tor without using the switching network. 
Excitation of the flywheel generator to 8kV will 
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produce a loop voltage of the order of 10V. 
Because the current in the primary is small 
(approximately lOkA), the stray fields are 
small, so facilitating breakdown. The repeti
tion frequency of breakdowns is determined by 
the natural decay time of the plasmas, which 
with the resistors R8 out of circuit is of the 
order of a few seconds. Figures. 6 and 7 show 
plots of the plasma current, the primary coil 
currents and the inductive voltages across the 
primary windings. The simulations show that we 
can expect to run a breakdown approximately 
every 5 seconds. 

MULTIPLE FAST PISE  PI INNEP S OUTER 

5 10 

" 0 

I
 2 

S 
11 

55 40 45 50 55 60 65 
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FIGURE 7 
Multiple fast rise PI currents and voltages 

Solid inner coils, dashed  outer coils. 

6. CONCLUSIONS 
The model of the JET poloidal circuit 

described here has enabled a number of possible 
scenarios to be examined before implementation. 

Some modifications to the JET circuit which 
would allow these scenarios to go ahead have 
been indicated or alternative means of achieving 
the same end have been optimized. The model has 
been implemented in code on the JET IBM computer 
and a simple means of running the code has been 
provided. It is intended that the code should 
be made available on one of the network of NORD 
minicomputers which is used for the preparation 
of pulse schedules. A simulation of the JET 
pulse will be run from the waveforms in the 
proposed pulse schedule giving a good indication 
of the systems response. This promises the 
possibility of a large saving in actual machine 
time. 
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MACHINE UTILISATION AND OPERATION EXPERIENCE WITH JET FROM 1983 

B.J. GREEN, P. CHUILON, B. NOBLE, R. SAUNDERS, D. WEBBERLEY 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA. UNITED KINGDOM. 

The operation of JET commenced in June 1983 and is scheduled until the end of 1992. This seemingly 
long period is actually quite limited when compared with the time needed to implement and comm
ission the planned machine enhancements, and pursue research and developments which result from 
the experiments. There is an evei—present urgency to make the best use of the machine. 19838Ί 
was a learning period and only in 1985 was it felt worthwhile to adopt doubleshift day working. 
Data has been compiled and analysed for utilisation of the machine, delays in terms of time lost 
and systems involved, and number and frequency of machine pulses. This paper presents an overall 
picture of machine availability and utilisation. It describes the JET operational arrangements 
and the experience of system faults. Finally, it draws conclusions and identifies lessons learned 
which may be relevant to the next stage of fusion power development. 

1. WHY IS THIS TOPIC IMPORTANT? 
The cost of plant involved in the JET experi

ment is high and hence JET must be used as often 
and as successfully as possible to maximise the 
operation information (for both plasma and 
machine systems) in the limited life of the pro
ject. 

JET is generating unique plasma information 
for the international fusion data base because 
of JET's ability to operate over a wide range 
of plasma conditions. 
The machine systems information (capability, 

reliability) is required to assist in the 
design of future.controlled fusion machines and 
in the assessment of reactor reliability, enviro
nmental impact and economics. Again JET's size 
and subsystem capabilities can make unique con
tributions. In particular, operation experience 
with JET will be important when considering rea
listic availability targets for the next step 
(e.g. NET, ITER etc). 

2. WHAT IS A USEFUL MEASURE OF OPERATION 
PERFORMANCE? 
In an experiment like JET, it is important to 

distinguish between operation performance and 
scientific programme performance. In this paper 
we will concentrate on operation performance. 
The chosen measure of this performance is the 
number of successful tokamak pulses (TS) 
achieved i.e. pulses for which all systems per
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formed successfully. For a meaningful measure 
of performance these TS pulses must have been 
achieved in the implementation of an agreed 
scientific programme. 
Each JET pulse is classified as follows: 
TS »Successful tokamak pulse  all systems for 

the production of plasma were working, 
(account not taken of the quality of the 
d ischarge). 

TF »Failed tokamak pulse  the specified plasma 
pulse was not achieved because of some sys
tem or operator fault. 

CS =Successful commissioning pulse  typically 
dry run, single system power test. No 
attempt to produce a plasma. 

CF »Failed commissioning pulse  the specified 

pulse was not achieved because of some system 
or operator fault. 
The measure of scientific programme 

performance must be measured in some other way 
e.g. the achievement of specific goals in plasma 
parameters. For JET, the cumulative number of 
fusion neutrons and the njLT¡ value have 
been chosen. 

3. IMPROVEMENT OF JET OPERATION PERFORMANCE 
Since JET operation began on June 25 1983 

there has been a continual review of performance 
and as the programme has progressed, certain 
measures have been taken for improvement. 
Basically there are two main ways to improve 



machine performance: 
I) maximise the available operation time, 
ii) reduce the delays in operation. 
Relevant JET experience will now be described. 

3.1 Time available for operation 
JET began In a basic configuration and the 

strategy was to continually add systems to bring 
It up to its extended performance state ("phased 
exploitation"). Further, JET is an experiment 
and subsystems will be altered in the light of 
operation experience. Installation and commiss
ioning of new and modified equipment takes some 
time. Thus, since 1983, the operation of JET 
has been broken by significant periods of 
shutdown (Fig.1). The relative time devoted to 
machine operation in 1983/84/85 was not great 
but improved markedly in 1986. Once again in 
1987 the relative time devoted to machine 
operation was reduced (Fig 2). 
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JET has sought to Improve operation by having 
regular maintenance/recommissloning intervals 
between operation periods. The extent of plasma 
operation which is possible before a maintenance/ 
recommisslonlng period Is required has not been 
systematically studied, however the pattern of 6 
to 7 weeks operation broken by a 1 to 2 week 
period has been successful. 

Often the installation and commissioning of 
new equipment takes place In this period and 
usually determines its duration. Sometimes the 
commissioning of new equipment can spill over 
Into plasma operation periods and this reduces 
the time available for the experimental progr

Operation 
days 

Non 
Operation 
days 

42 

148 

75 

155 

231 Vi 

291 § 
1983 1984 1985 1986 1987 i 

Fig.2 Numbers of Operation Days 19831987 

amme. While all difficulties cannot be foreseen, 
the installation and commissioning of new 
equipment must be properly planned; and this 
certainly includes the timely preparation of 
commissioning procedures, implementation of an 
acceptable man/machine interface and proper 
operation documentation. 

JET has also increased the time for machine 
operation by introducing doubleshift day and 
weekend working. In both cases the JET Project 
has been somewhat constrained by the limited 
manpower available for operations. The improve
ments made are shown below:
1983/8

4 Some weekend operation. Singleshift 
days (10 to 12 hrs). Up to 60 hr/week. 

1985 Monday commissioning: singleshift day. 
Tuesday to Friday: doubleshift (16 hr) 
days. 7k hr/week. Singleshift days 
for maintenance and commissioning. 

1986 Monday to Friday: doubleshift days. 
(80 hr/week). Some weekend operation. 

1987 Doubleshift days attempted for main
tenance and commissioning. Some weekend 
operation. Monday commissioning reduced. 

A significant part of each day can be lost to 
operation because the power supply reenergisa
tion and isolation procedures are complex and 
timeconsuming. Although they have been improved, 
they still take up 1 % to 2 hours of tokamak oper
ation time. Nevertheless the average number of 
hours available for pulsing In a 16 hour double
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shift day including 1 hour for meal breaks has 
been increased to nearly 13 hours (Fig. 3)· This 
time is affected strongly by commissioning and 
recommissioning requirements following shutdowns. 

max 12hr 52min 

31.4 

10 

Hours 
Available 

5 

224 4250 

1985 

210 1118192627404148 
1986 

Operalion Weeks 

263334424352 

1987 

Fig.3 Average Daily Hours Available for Pulsing 
3.2 Delays In Operation 

• Faults which occur during operation days are 
recorded by the Engineer in Charge of operations 
(EiC) in a shift report. They are identified by 
subsystem, any associated delay to operation is 
noted and the action taken or required is out
lined. Not all system faults cause actual oper
ation delay and some faults are "hidden" by 
others. This fault recording is continually 
being reviewed for improvement. Other fault 
reporting systems (e.g. Power Supplies and 
CODAS) are used primarily to specify remedial 
and maintenance work. These fault recording sys
tems are narrower in scope than the EiC system 
but provide more detail for the subsystem invol
ved as they include faults not "seen" by oper
ations. The EiC fault reporting provides data 
for the analysis of frequency and delays due to 
subsystem faults. In this way the major sources 
of lost operational time can be identified and 
appropriate action defined. 

An analysis of faults indicates that the 
delay is typically 20? of the total time avai
lable for operation (Fig.4). The analysis of the 
subsystems responsible for delays (Fig.5) 
clearly shows that two subsystems dominate i.e. 
Power Supplies and CODAS. Other systems which 
have significant fault delays are: Vacuum 
Systems, Neutral Beam, Operator and Water/Air. 
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An analysis of the number of faults for each 
subsystem (Fig.6) reveals a different picture in 
that CODAS and Operator categories dominate. 
This means that the average time per fault occ
urrence (Fig. 7) is quite small for the CODAS 
and Operator categories but is large for Power 
Supplies and for Vacuum Systems faults. This is 
because, in both of these categories, trouble
shooting requires electrical isolation before 
the faultfinding can commence. In many cases 
the remedial work involved is lengthy (e.g. 
welding to repair vacuum leaks, replacement of 
electrical switchgear) and almost always needs 
testing before operation can be restarted. 



Some measures have been taken to reduce the 
time lost in identifying and rectifying systems 
faults: 
i) troubleshooting procedures have been 

improved, 
ii) uptodate documentation has been provided, 
iii) written procedures have been prepared. 

The availability of 'expert' staff is also 
important  the JET situation where design staff 
has been Involved with the installation, comm
issioning and operation of equipment has shown 
clear advantages over the industrial practice of 
separating the design, installation, commiss
ioning and operation phases with handovers 
between different staff teams before each new 
phase. 
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d) improved operator procedures, 
e) stricter control of system interventions. 
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It is difficult to quantify system operation 
reliability because of the continual changes and 
new modes of operation. However, an analysis of 
JET power supply subsystem faults (M. Huart et 
al SOFT \k) showed how regular maintenance has 
increased reliability. The reduction in 
frequency and severity of faults in some 
subsystems clearly demonstrates the benefits 
οΓ: 
a) simple system control and protection, 
b) more automation of operator activities, 
c) Improved man/machine Interface, 

H. PULSE PERFORMANCE 
The growth of the cumulative numbers of 

JET tokamak and commissioning pulses is shown 
in Fig.8. Overall, the relative amount of comm
issioning has decreased but the average number 
of pulses per year has not yet reached the 
design target of 5000. The improvement of 
machine operation discussed above can be seen in 
Fig.9. The number of tokamak pulses per week has 
Increased and the weekly number of successful 
tokamak pulses is regularly between 100 and 150. 
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5. CONCLUSIONS 
After a learning period (1983/81), routine 
doubleshift day JET operation began in 1985. 
Operation performance has been continually impr
oved by: 

i) increasing the time devoted to operation 
e.g. doubleshift days, weekend work, 
optimum preparatory and operation 
activities 

ii)reducing the time lost due to 
system faults e.g by design 
simplification, control of interventions, 
regular maintenance, optimisation of 
troubleshooting procedures, automation of 
many operation activities 

iii) optimising the organisation and planning 
of operation (e.g. use of backup 
programmes) and closer coordination of 
installation, commissioning and operation 
activities. 

Further Improvement could be made In all three 
of the above areas. 

6. LESSONS FOR THE NEXT STEP 
The Next Step (NET, ITER etc) will be an 

experiment like JET only more complex, with even 
greater demands on the "quality of operation 
performance". Certain experience gained in the 
operation of JET appears relevant:

i) in the setting of availability targets, 
adequate time should be allowed for: 
a) upgrading systems (if, like JET the 

phased exploitation strategy is used) 
b) maintenance and repair (note the impact 

of radioactivity) 
c) regular recommissioning. 

ii) adequate manpower is required; where poss
ible design staff should be used for inst
allation, commissioning and operation. 
Proper training of staff (and system docu
menation) are required. 

iii)at the system design stage, proper thought 
should be given to commissioning and oper
ation (in particular the man/machine inter ■ 
face e.g. machine protection interlocks, 
alarm handling, control software). Autono

mous control is important as it allows comm
issioning in parallel. 

iv) strict configuration control should be app
lied (to ensure access for remote handling 
and to facilitate troubleshooting), 

v) design attention should be given not only 
to new technology and novel items but also 
to "standard" things e.g. piping, cabling, 
cranes, shielding elements, 

vi) particular design attention should be 
given to systems which appear likely to 
cause the greatest delay e.g. the control, 
monitoring and data acquisition system and 
the power supplies; also the location and 
repair of vacuum leaks, 

vii) system operation should be automated as 
much a3 possible but control:! kept simple 

viii) operation should be organised so that 
responsibilities are clearly defined, 

ix) planning must be thorough so that machine 
operation time is optimised, 

x) interventions on machine systems should be 
strictly controlled. 
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DIAGNOSTICS FOR THE JET MULTIPELLET INJECTOR 

W. BAILEY, P. KUPSCHUS, M. GADEBERG, T. SZABO, D. CRACKNELL*. M.J. ADAMS . B. MILLS 

JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, England 

Instruments to measure the mass, velocity, and timing and to visualise the integrity of Deuterium 
pellets injected into JET are described. The developments necessary to update the equipment for 
the later phases of JET are indicated. 

μwave diagnostic 

JET horizontal 
port octant 2 

PIB Pellet injector box 
TV Torus valve 
TB Bellows 
Fl Front insert (insertatile target) 
FT Flow restrainer tubes 
RI Rear insert (μwave diagnostics) 
CP Cryopump 
VV Individual gun valves 
OC Optical cube (diagnostics) 
VB Valve box 
GM Gas manifold 

CP (detail) 

Optical interrupter 

JET Multipellet injector 

1. INTRODUCTION 
A multipellet injector for fuelling and re

fuelling of the JET plasma has been jointly 
constructed under an agreement between the Joint 
European Torus, JET, and the United States 
Department of Energy, by JET and the Oak Ridge 

1 2 
National Laboratory (ORNL) ' . Pellets of deut
erium ice of nominal length and diameter 2.7, 
4.0 and 6.0 mm are injected with a velocity 
β 1.4 Km s"1 and divergence = ± 0.5e from the 
barrel. To prevent disturbance of the plasma by 
the propellent, a cryocondensation pump of capa
city 8 χ 10*i(H,)s"1 and ultimate pressure <10"s 
mbar separates the injector from the torus. This 
contains the μwave diagnostic and the remotely 

indicating target. Instruments used in the 
active phase of JET will have to survive 10' rad 
and be remotely handleable. 

Purpose of Diagnostics: 
1.1 To set the injector to produce the 

required pellet trajectory. 
1.2 To measure pellet mass, velocity and 

timing and to visualise integrity. To transfer 
a standard set of data to the JET Pulse File. 

1.3 To assess pellet penetration and plume 
appearance. 

The measurement sequence along the pellets' 
flight is, Optical Interrupter and Video Camera, 
Microwave Interferometer, Target and Ha measure
ments . 

GECMarconi Research Centre, Great Baddow, Chelmsford, Essex, England 
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2. OPTICAL INTERRUPTER AND VIDEO CAMERA 
The first timing signal is generated by the 

interruption of a light beam (= 200 μwatts, 
λ = 850 nm) by the pellet just after it emerges 
from the barrel. The collimateci 4 mm dia. light 
beam is formed by one 5 mm dia. glass sphere 
from the output of one optical fibre and coupled 
into the return fibre by another. The source 
and trigger electronics is remotely situated 
beyond the biological shield. 

The signal generated primes a CCD camera and 
triggers a high speed spark, duration < Ο.ΐμεβο, 
to capture an image of the pellet in flight. 
The trigger is used with the first μwave signal 
(q.v. sect. 3) :

1) to calculate pellet velocity, 
2) to generate timing signals, 
a) to synchronise with the impact of the 

pellet on the target, 
b) to synchronise with the passage of the 

pellet past the plasma limiter  the "Real Time 
Trigger" to initiate plasma diagnostics 

c) to trigger the CCD camera capturing the 
image of the pellet plume. The video outputs of 
the CCD cameras are transferred to frame stores 
and permanently stored on optical discs. 

3. MICROWAVE MEASUREMENTS 
3 

Birnbaum and Furneau show that if the 
resonant frequency of a particular cavity, of 
volume V, is ft, when a sample of volume ν and 
dielectric constant e=e'ie" (Deuterium ice 
e = 1.3) is located at Ε , the resonant 

max 
frequency of the cavity becomes f where : 

= 2(e'l) ̂  , 1_ 
4e' y 

V 

In each pellet trajectory two cavities are 
encountered, the first a shortcircuited half
wave cavity (apertures 15 mm dia and Q = 236) 

for mass measurement. In series with this and 
416 mm down range, the second full wave cavity 
(apertures 20 mm and Q = 165) is used primarily 
for alignment of the pellet trajectory to the 
design axis. The two cavities in one pellet 
path form one arm of a microwave bridge, two 
such arms are combined with a "Magic T" to form 
a complete bridge. The bridge is adjusted so 
that at the resonant frequency of the individual 
cavities, which is the fixed operating fre
quency, the output is a minimum (= A0 dB down on 
the input). The perturbation of any cavity by a 
pellet unbalances the bridge and causes an out
put. At the low levels used the detector output 
voltage is proportional to power input and the 
system output voltage is approximately propor
tional to (pellet mass)2

. For accurate mass 
measurements a "lookup" table must be used 
together with the measured drive signal. Figure 
1 shows the form of this. 

20 

10 

Output (dB) relative 
 to 4.0 mm deuterium 

0.5 

 1 0 

20 

0 5 Log ^ 

Ψ
Λ
= mass relative to 4.0 mm deuterium. 

Theoretical curve 
FIGURE 1 
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The pellet divergence requires an aperture 
of 15 mm at the first cavity, and the operating 
frequency chosen, 4.5 GHz, together with aper
tures in the narrow wall of the waveguide WG12 
and tubular extensions to the aperture ensures a 
maximum of 1% error for ± 3 mm trajectory dis
placement at the first cavity. 

Compact design minimises the error caused by 
heat fluxes, but a temperature difference across 
the mass measurement cavities of ± 0.1°C causes 
a measurement error of 4.5%. The circulation of 
controlled temperature water, the provision of 
massive copper thermal shunts and aluminium foil 
radiation shielding from the cryopump substanti
ally betters this. The predicted changes in 
cavity resonant frequency and the mass accuracy 
for a maximum deviation of the excitation fre
quency of + 1 PPM (a crystal controlled oscil
lator is used) and ί 3 ran trajectory wander are 
given in the table. 

Pellet size 
dia and 
length, mm 

6 
4 
2.7 

Shift of Resonant 
Frequency (for 
central pellet) MH2 

7.993 
2.337 
0.478 

Mass 
Accuracy 

± 2.1 % 

± 2.62 % 
± 3.33 % 

4. REMOTE INDICATING TARGET 
It is necessary to align the centre of the 

pellet dispersion circle within a few mm of the 
centre of the 60 mm dia tubes, which separate 
the pump from the torus and aid differential 
pumping. Stepping motors position a target at 
the exit of the flow retainers, with an error 
< 1 mm, and withdraw it at the completion of 
alignment. The operating principle of the 
target is to measure the relative times at which 
the sound wave eminating from the impact arrives 

at transducers in known positions on the target. 
A high sound velocity helps target survival, by 
removing energy from the impact area as fast as 
it arrives, and a small velocity dispersion 
preserves the wavefront shape as it propagates. 
IMI 318 titanium alloy was chosen for the target 
material and after months of intermittent use it 
is virtually undamaged. To detect the wave
front, Piezoresistive sensors of graphite 
(12 um χ 1 mm section) mounted in Kevlar 
(Dynasen) were chosen for their radiation resis
tance, they are energised for a short time only 
(50 V for 200 μΞβο) to prevent their destruc
tion. The 50 Ω sensors are connected by 50 Ω 
lines to a bridge balanced by similarly mounted 
sensors external to the vacuum. The sensors are 
compressed onto the outside of the target by 
massive blocks. To prevent confusion between 
the longitudinal wave (@ 6000 ms"1) which propa
gates most strongly forward, and the transverse 
wave (@ 3000 ms"1) which propagates laterally 
from the point of impact the sensors are posi
tioned to intercept the former, i.e. some dis
tance behind the impact plane on the sloping 
side of the conical target. The sensors are 
arranged in pairs on the χ and y axes respect
ively. It can be shown that the distance of the 
impact from axes whose origin is at the centre. 

χ = 
(or y) 

V(TATB)(TA+TB) 
4R 

where V is the velocity of sound, T. _ is the 
A , Β 

time for the sound wave to reach the A,Β sensors 
on that axis, R is the radial distance of the 
sensors from the axis. For small displacements, 
χ = K(T. Tn) where Κ = 4.1 mm/Vsec, taking 

A D 
V = 6070 ms1 for our equipment. 

An optical point of entry indicator is being 
developed to replace the equipment as higher 
pellet velocities are used. Optical interrup
ters in X and Y will transmit position and 
timing information through an optical fibre 
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using wavelength division multiplex working. 
Two fibres are required for each pellet path. 

White light is dispersed into a spectrum 
across the aperture in X and Y directions and 
then focused into a return fibre. Beyond the 
biological shield the returning light is disper
sed into a spectrum on a linear diode array. A 
pellet obscuring a part of the spectrum in the 
aperture results in a diminution in the signal 
of that part of the array. As the fastest 
pellets will only be in the aperture approxima
tely 1 μΞβο, the diodes must have separate 
sample and hold amplifiers, operated from a 
common trigger, which can be read by a transient 
digitiser. 

* 
5. Η PERISCOPE 

α 
The visible pellet plume has been viewed 

through a periscope inserted into the torus. 
The higher performance now achieved with JET 
brings enhanced disruption forces, necessitating 
the construction of a flexible link in the 
periscope. When recommissioning is complete, 
shortly, we expect to see the pellet plume on 
its CCD camera and measure the Η radiation in 

α 
the integrating sphere. A temporary system is 
now used to provide H data by viewing the 
plasma along an unused pellet line underneath 
the 4 mm gun. 

5.1 Microwave Emission 
A signal from the microwave detector, similar 

in shape and timing to the Η signal on pellet 
injection has been observed. We propose to 
investigate this signal at the earliest opportu
nity. 

be positioned beyond the biological shield and 
the image it views transferred by a periscope. 

The source and detector for the μwave 
detector must be remotely sited. 

Whilst the present target is radiation resis
tant it will be eventually damaged by faster 
pellets. The optical indicator now being devel
oped will then replace the target. 

7. CONCLUSIONS 
Diagnostics are reliably recording mass, 

velocity, timing and integrity of all deuterium 
pellets injected into JET. The temporary 
arrangements for Η measurements will shortly be 
replaced by more comprehensive instrumentation. 
Work is in hand for the systems to evolve into 
the forms necessary for higher pellet velocities 
and the active phase of JET. 
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6. OUTLOOK FOR THE ACTIVE PHASE AND FASTER 
PELLETS 
The replacement of a few parts by radiation 

resistant glass will permit the use of the 
interrupter. 

Pellet photography will require the camera to 
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NEW PIEZO DRIVEN GAS INLET VALVE FOR FUSION EXPERIMENTS 
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T h e gas i n l e t valves used at the JET experiment are described and t h e i r performances are 
d i s c u s s e d . A new gas va lve development s u i t a b l e t o rep lace the e x i s t i n g va lves at JET and for 
future use in l a r g e fus ion experiments i s presented . The new valve i s equipped with a 
p i e z o  e l e c t r l c t r a n s l a t o r and has a dosing range of 0800 mbarls for D 2 . The operat ing mode 
of the valve i s f a i l  s a f e c losed with a l e a k  r a t e of S 10

 9 mbarls"
1
. The design, the test 

results and throughput values in dependence of f i l l ing pressure and control voltage are 
presented and experiences with the prototype valve as a new gas inlet valve for the JET 
operation are described. 

1. DESCRIPTION OF EXISTING GAS INTRODUCTION AT 
JET 
The introduction of the process gas into 

the JET tokamak i s handled by a Gas Introduction 

Module (GIM) mounted close to the Torus . In 

fact four GIM's are installed to have the 

possibility to use different gases or gas 

quantities during one plasma pulse. 

Each module consists of an arrangement of 

four shutoff valves, one fast inlet valve, one 

dosing valve and two calibrated gas reservoirs 

(Figure 1). The shutoff valves are required to 

protect the tokamak against gas inlets through 

o¿ 
Torus 

f 

DV3 

V3 

C 
0 C I CM 

BR 3 
CO V2 
t 

VI 

DV3  Electrodynamic Dosing Valve 
VF  Fasi Intel Valve 
CR  Qas Reservoir 0.2 Γ 
V3  Shutoft Valve 
V4 · Shutoff Valve 
BR  G a s Reservoir 18,6f 
CM ■ Absolute Pressure Gauge lOOTorr 
V2  Filling Valve 
V1  Valve lo Vacuum Une 

Fig. 1 JET Gas Introduction Module (GIM) 
(Schematic) 

the dosing valve (which is not designed to be an 
absolute valve), and for filling or evacuating 
the gas reservoirs. As a consequence, the 
control of the GIM consists of a rather complex 
system including Interlocks, timers, pressure 
set points, etc. The operational experience 
with the GIM's over the years has shown that 
some improvements in reliability, especially of 
the dosing valve, are desirable in view of the 
active phase of JET. This dosing valve is an 
all metal valve suitable for tritium environment 
which is driven by eddy currents in an aluminium 
disc connected to a conical needle moving in and 
out of a cylindrical orifice (Figure 2). 

Bellow 
:Coil 

• Valve seat 
Fig. 2 Electrodynamic Dosing Valve 

(cross section) 
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Bellows arrangements on e i ther side of the disc 

provide the vacuum seal to atmosphere and the 

compensation f o r the vacuum f o r c e s . These 

edge-welded bellows have had some f a t i gue 

problems i n the past and we w i l l need double 

bellows (secondary containment) wi th very much 

improved r e l i a b i l i t y f o r the t r i t i u m phase. 

Furthermore, the limited dynamic range of 
the present dosing valve makes it necessary to 
adjust reservoir prefill pressures to obtain 
desired flow rates, which would add to the 
complexity of tritium gas handling systems. 

2. NEW VALVE DEVELOPMENT 
These experiences were the i ncen t i ve to 

design an improved valve wi th r e l i a b l e 

components, t r i t i u m compatible and wi th 

combined capab i l i t y f o r gas pu f f i ng i n the 

p r e f i l l phase of the pulse and f o r dosing i n 

feed-back cont ro l during the pu lse . 

2.1 Valve Descr ip t ion 

The new valve developed together wi th 

i ndust ry i s based on a p i e z o - e l e c t r i c t r ans la to r 

c o n t r o l l a b l e by a d r i v i n g voltage of 0 to -1000V 

g i v i ng an actuator stroke of 0-Ί0 μπι. 

Figure 3 shows a· cross sect ion of the va lve . 

Compressed air 
connection 

Valve 
seat 

Fig. 3 Piezo-eleclric Valve (cross seclion) 

This valve i s an a l l -me ta l valve designed 

to be f a i l - s a f e c losed. The c los ing spr ing 

app l i es , v ia the p i e z o - t r a n s l a t o r , s u f f i c i e n t 

sea l ing fo rce onto the valve seat to achieve a 
-9 -1 

He l eak - ra te of < 10 mbarls . The process 

gas i s only i n contact wi th metal surfaces and 

the valve can be baked fo r cond i t ion ing purposes 

to 300°C a f te r the removal of the dr ive 

assembly . 

All non metal components used in the valve 
assembly are selected to withstand an 

Q 

accumulated r a d i a t i o n dose of at l eas t 10 r ad . 

The very short stroke of the piezo t r ans la to r 

makes i t necessary to compensate f o r the 

d i f f e r e n t i a l thermal expansion of the piezo 

c rys ta l and the valve housing. Therefore an 

i n t eg ra l mechanical zero reset has been 

incorporated i n the valve design provid ing 

always i d e n t i c a l s t a r t i n g pos i t ions ( f u l l y 

closed) before operat ing the va lve . 

For the operat ion of the valve a d r i v i ng 

voltage of -1000V i s appl ied to the piezo 

assembly thus increasing i t s length against the 

c los ing springs by 10 um. This movement s t i l l 

keeps the valve c losed. In t h i s f u l l y extended 

node a pneumatic/hydraul ic clamp on the upper 

part of the valve "arms" the valve by keeping 

the c los ing springs i n t h e i r compressed 

p o s i t i o n . A reduct ion of the contro l voltage 

from -1000V to 0V opens the valve gradua l l y , the 

stroke being l i n e a r wi th the vo l tage . 

2.2 Throughput Measurement 

In a t es t set-up cons is t ing of a large 

vacuum chamber (2.81m ) wi th ? UHV pumping 

system the gas throughput f o r D? was measured i n 

dependance of the feeding pressure i n the gas 

r e s e r v o i r , and of the cont ro l voltage of the 

piezo valve (bias vo l t age ) . 

The gas throughput was derived from the 

time constant of the pressure drop i n the gas 

reservo i r measured wi th an absolute gauge (0 -

10000 T o r r ) . Figure H shows the t es t set-up and 
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R2 
R3 
V1 
V2 
V3 
Ρ 
Q 
PR 

 Tesi Vessel (234 rrr1
) 

 Qas Resevoir (tf) 
m D, gas bottle 
 Plezo valve 
■ Pump set valve 
• Filling valve 
■ Turbopump set 
• 10000 Torr absoloute gauge 
• Pressure regulator 

Flg. 4 Tesl setup lor throughput measurments 
(Schematic) 

Figures 5 and 6 are throughput diagrams in 
dependence of upstream feeding pressure and of 
the control voltage of the piezo crystal. 

After the throughput measurements 
reliability tests were performed with the valve 
being operated for more than 1000 operations to 
assess the reproducibility of throughput and to 
obtain experience about the lifetime of 
mechanical components. These tests resulted in 
some improvements in the design which were 
meanwhile incorporated by the manufacturer. 

Q Fig. 5 Plezo dosing valve 
mbarf throughput ot Deuterium 

S (as function of supply pressure ρ 
and bias voltage U.) 

1000V 

1000 2000 3000 
plmbar I 

o 
mbarf 

S 
800 

700 

300 

200 

Fig. 6 Plezo dosing valve 
throughput of Deuterium 
(as function ol bias voltage 
U, and of supply pressure ρ 

3000 mbar 

2000mbar 

lOOOmbar 

500 1000 
U.IVI 

Depending on the upstream pressure of the 
gas reservoir feeding the valve we obtain a 
reproducible fully proportional control of the 

9 1 1 
throughput from 10 mbarls to  800 mbarls 
for D . An improvement to other piezodriven 
dosing valves (e.g. Veeco valves) is the 
arrangement of the valve seat relative to 
upstream gas flow. In the other design the 
feeding gas tends to close the valve whereas in 
our valve the membrane carrying the valve seat 
is lifted by the upstream pressure of ¿1 bar 
absolute. 

2.3 New Valve Operation 
The control required to operate the valve 

consists of an inverting fast amplifier with a 
gain of 100 to provide 0 to 1000V from a 0 to 
10V control voltage. The amplifier has a 100 kn 
output resistance, the piezo translator with a 
1 F capacity will therefore react with a time 
constant of  100 ms. 

To operate the pneumatic/hydraulic clamp a 
solenoid valve controller (with some timing 
sequences) controls the compressed air for the 
clamp and for the filling valve of a gas 
reservoir upstream to the gas introduction 
valve. This gas reservoir (0.76 1) is monitored 
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with an absolute vacuum gauge (01000 Torr) for 

inventory accounting and flow r a t e measurement 

during the pulse . The 010V output of t h i s 

gauge represents a 01000 mbarl gas quant i ty . 

For the prototype trials which have been 
going on for several months during JET 
operation, the gas to the reservoir is supplied 
from a FeTi hydrid storage bottle directly 
mounted close to the gas introduction valve 
introducing ultra high purity D gas through 
short pipes into the torus. 

Figure 7 shows the set up of the prototype 
piezo gas inlet valve on the JET tokamak. 

R1 

0 

V1 = Manual Shutoff Valve 
VP = Piezo Valve 
R1 = Storage Tank 0,76l' 
G = 1000 Torr Absolute Gauge 
F = Dust Filler 
VF = Refill Valve 
PR = Pressure Regulator 1 to 6 bar 
R2 = TiFe Storage Bottle  15 bar 

Fig. 7 Piezo Valve Installation Arrangements at Torus 
(Schematic) 

The control sequence for the valve is 
2 

performed by the JET computer system (CODAS) 
and is included in the countdown for the plasma 
pulse and consists of the following steps: 
(a) At start of countdown ("arm") 

 1000V are applied to the piezo 
translator 

 feeding valve to gas reservoir is 
closed 

 pneumatic/hydraulic clamp is closed 
after expansion of piezo crystal 

(b) During the pulse 
 a voltage of 010V from the JET computer 

system initiates the opening of the 
valve 
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 for p r e f i l l a waveform on fixed voltage 

for a variable time 

for density feedback a variable voltage 
in a given time window 

(c) After pulse ("disarm") 

pneumatic/hydraulic clamp is opened to 
allow closing springs to move 
feeding valve of gas reservoir opened to 
refill with process gas from gas bottle 

Typical prefill waveforms are shown in Figure 8. 

6 39 7 39 8 39 Ç 
sec 

lOmbarl Prefill (10V tor 110ms) 

39 75 40 00 40 25 40 51 
sec 

60mbarr Prelill (10V lor 630ms) 
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V 
4 
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η 





39 75 40 00 40 25 40 50 
soc 

30nibarl Piotili (IOV lor 320ms| 

42 5 45 0 47 5 
sec 

60mbarr Prefill (IOV lor 630ms) 
47mban Gaspull (IOV lor 4B0ms| 

Fig 8 Piezo Valve Prefill Waveforms 



Figure 9 shows plots from the JET 
pulsefile showing records of gas reservoir 
pressure and control voltage for prefill and 
density feedback during a JET pulse (No. 
17128). It can be seen, that both prefill and 
density feedback were carried out from the piezo 
valve system and  200 mbarl of D was 
injected . 
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3. CONCLUSION 
After the test runs and subsequent 

Improvements of the valve, the experience gained 
with the new valve at JET are very satisfactory. 
The new valve is used in parallel to the 
existing GIM's as required by the experimental 
program of JET. Further experience will show 
whether this valve is a reliable alternative to 
the existing Gas Introduction Modules for the 
active phase of JET. 
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DESIGN OF A THOMSON SCATTERING DIAGNOSTIC SYSTEM TO MEASURE FAST ION AND ALPHAPARTICLE 
DISTRIBUTIONS IN JET 
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JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 

H.J. BARKLEY, W. KASPAREK, G.A. MULLER, L. REBUFFI, P.G. SCHULLER, M. THUMM 
Institut für Plasmaforschung, Universität Stuttgart, Federal Republic of Germany 

A diagnostic system to measure the velocity and spatial distribution of fast ion populations in JET 
is being designed. The diagnostic is based on collective scattering of microwave radiation. A high 
power (up to 1MW), long pulse (up to CW) gyrotron is envisaged as the microwave power source at 
140GHz, while the scattered radiation will be detected using a heterodyne system. The diagnostic is 
especially important for the measurement of the fast alpha particle distributions in the DTphase of 
JET. This paper gives a short description of the diagnostic method, the expected performance for 
JET conditions and describes in sane detail the technical design of the transmission line. In view 
of the frequency that was chosen and the high unit power, the design of the transmission line is 
highly relevant for possible next generation Electron Cyclotron Heating programmes. 

1. DIAGNOSTIC METHOD 
1.1. Collective scattering 
If the parameter a, defined by a=l/kA^ where 

k is the scattering wave vector and λ^ is the 
Debye length, exceeds unity, scattering of 
electromagnetic radiation is from fluctuations 
with scale length greater than λ^. Shielding 
electrons, moving with each ion, now scatter 
collectively and the scattered spectrum is 
affected by the ion velocity distribution. The 
spectral function, S, may be written as the sum 
of contributions from electrons and from 
different ion populations. For measurements on 
minority populations, like αparticles, the 
value of α should typically be larger than 2 to 
ensure that the αfeature is dominant compared 
with the electronfeature (Sa/Se scales approxi
mately with a'n /n ). As was shown in Ref 1, 

a e 
the unfolding of the spectrum to obtain the 
velocity distribution along the scattering 
vector is straightforward if a scattering vector 
oblique to the magnetic field direction is 
chosen (more than 10° offnormal). An example 
of a scattered spectrum is shown in Figure 1, 
for a typical expected set of JETplasma 
parameters, including fast (not yet slowed down) 

αparticles as a minority species. 
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FIGURE 1 
Predicted scattered radiation spectrum for JET 
with plasma conditions: ne(0) = 5χ1019

πτ
3
, n^O) 

= 4xl017m3, Te(0) = lOkeV and Τ±(0) = 12keV. 
Si( S e and S a are the bulk ion, electron and a
particle contributions respectively and Stis the 
total. Note that, for a scattering angle of 
20°, the afeature dominates in the range 0.5 to 
2.0GHz. 

1.2. Optimum frequency 
At full field operation of JET (3.4T), the 

optimum frequency for which a sufficiently 
powerful source can be envisaged is around 
140GHz. At this frequency the background 
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radiation, which is dominated by Electron Cyclo
tron Emission, shows a minimum because the 
fundamental resonance and the second harmonic 
resonance are situated in the low temperature 
edge regions of the plasma. The plasma is 
accessible to ordinary mode, injected verti
cally, up to a cutoff density 2.4xl020nrs. 
Collective scattering dominates and a sufficient 
contrast ratio S /S is guaranteed for the whole 

α e 
range of possible plasma parameters, provided 
the scattering angle does not exceed 60". The 
optimum frequency is proportional to the mag
netic field value and for operation at lower 
fields a lower frequency would be preferable. 
At very high plasma current (7MA) and full 
field, the high poloidal field value causes a 
wider separation of the electron cyclotron 
resonance layers, reducing the background 

radiation in the 150155GHZ region. Stepped 
tunability of the RFsource over a limited 
frequency range (120160GHz), which is an 
intrinsic possibility of gyrotrons using a high 

2 
order mode , would therefore be advantageous. 

1.3. Geometry 
The proposed geometry for the diagnostic is 

sketched in Figure 2. Since refraction effects 
can be important at higher densities, a symmet
ric injectiondetection geometry is chosen in 
which injected and detected radiation are 
similarly affected by refraction. Nevertheless, 
precise control of injection as well as 
detection angles is necessary (between shots), 
which is accomplished by rotatable mirrors, 
which are also used to scan the plasma on a 
shottoshot basis, to measure spatial profiles. 

Oversized Waveguide 
Transmission System 

\felage Regulator 
and Modulator 

Data Acquisition 
and Control 
Electronics 

Heterodyne 
Detection 
System 
(0701395 GHz) 
(V.05K30GH2) 

Oversized Waveguide 
Transmission System 

FIGURE 2 
Schematic overview of the diagnostic system. 
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2. EXPECTED PERFORMANCE 
2.1. Expected plasma parameters 
The expected plasma parameters are a small 

(but essential) extrapolation of present JET 
results. It is expected that it will be 
possible to generate 5MW of αparticle power 
over a wide range of densities from 2x1019 m~3 
(hot ion regime where the beamplasma 
contribution is dominant) to 1.5xl02Onr3 
(Hmode, with dominant thermal contribution to 
fusion). 

2.2. Signal to noise ratio 
The main source of noise will be due to sta

tistical fluctuations on the background ECE
radiation. The radiation temperature is 
T. <500eV. Since the equivalent radiation 
•b 
temperature of the scattered radiation is "vleV, 
modulation of the injected radiation is 
necessary to discriminate the scattered 
radiation from the background. The expected 
signal to noise ratio is: 

η 

s/n=7 
( ^ 3 ) ( 
l
300kW

J ̂ lO^nr
3
' '200ms 

σ )(;
 T 

c ■< Τ , „ ,, I sine/sin^Ι 
f )3( e»

3 ){")*( ,,„
 2 ) (

 D ) ( 
l
0.06m

M 140GHz' v
500eV' V 1/7 

Here P. .is the power modulation depth, τ the 
integration time (time resolution), D the beam 
waist and Ν the number of spectral channels. 
The different parameters are normalised to their 
expected values, except for η , where the mini
mum value is used. At low densities the αpar
ticle density can reach the 5% level due to long 
slowing down times, and s/n can be up to 100. A 
s/n>5 is necessary for the measurement and it is 
clear that s/n can be traded in against better 
time or spectral resolution. 

3. TRANSMISSION SYSTEM 
3.1. Requirements 
The power source envisaged is a high power 

gyrotron, presently under development at Varian 
emitting power in a rotating whispering gallery 
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mode (probably TEa 5 2 ) . The gyrotron will be 
located outside the torus hall and the RF power 
will be transmitted over a distance up to 50m. 
Injection should be in a Gaussian beam or in the 
HE11 mode, with slightly elliptical polari
zation, to couple to the Ordinary mode in the 
plasma. The mode purity at injection should be 
maximized to limit direct illumination of the 
receiver. Special requirements are a high power 
capability (up to 1MW), wide band transmission 
(120160GHZ) and remote maintenance possibili
ties for the parts inside the torus hall. The 
most important elements of a transmission system 
that meets these requirements are described 
below. 

3.2. Mode convertor 
Since a whispering gallery mode cannot be 

conveniently transmitted with high efficiency 
(especially around bends), it is necessary to 
convert this mode close to the gyrotron. A 
quasioptical mode transformer, which is basi
cally an overmoded slot radiator combined with a 
cylindrical reflector of parabolic cross
section, is used to directly convert the 
radiation to a Gaussian beam. The conversion 
efficiency of such a conventional Vlasov conver
tor is only 80%, but it may be possible to 
reduce the diffraction losses (this is a subject 
of further investigation). Steptuning of the 
gyrotron frequency only needs replacement of the 
two matching mirrors Rx and R2 (see Figure 3), 
since the radiation angle is determined by the 
dimensions of the gyrotron cavity and therefore · 
remains constant. 

3.3. Polarizer 
The linearly polarized radiation emitted from 

the convertor is changed to a controlled ellip
tical polarization by a corrugated surface 
reflector having fixed groove depth combined 
with a polarization rotator. The rotatable 
device consists of a smooth roof top mirror, 
facing a flat corrugated surface (see Figure 



3,4). A corrugation period of 0.56Λ is chosen 
(with equal groove and tooth width) and an 
electrical slot depth 0.2λ, where λ is 2.14nm, 
but the structure has wide band 
characteristics. 

FIGURE 3 
Schematic of quasioptical mode conversion, 
universal polarizer and H E ^ launching into 
corrugated waveguide. 

FIGURE 4 
Schematic of the universal polarizer. 

3.4. HEjj transmission 
After conversion to a Gaussian beam with the 

required elliptical polarization, it is con
venient to switch from quasioptical trans
mission to waveguide transmission, The Gaussian 
beam couples well to an ΗΕΧ1 mode, which can be 
transmitted in a corrugated waveguide. In 
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comparison with a quasioptical reflector beam 
waveguide, this has the advantage that it needs 
no remotely controlled alignment and adjustment 
and has inherent RFshield±ng. Also, the ΗΕ1Χ 

waveguide has broadband characteristics. To 
limit the power density and the electric field 
strength (for optimum window transmission and 
prevention of arcing) and to facilitate bends in 
the waveguide, a relatively large diameter is 
chosen (88.9mm). By reducing the corrugation 
depth to 0.3X/4 and choosing a low conductivity 
material for the waveguide (eg, stainless 
steel), the waveguide acts as a mode filter for 
higher order spurious modes, while the 
attenuation of the ΗΕΧ1 mode remains negligible. 
Several possibilities to manufacture the 
corrugated waveguide are being investigated. A 
promising approach is plasma spraying of metal 
(or alternatively electroplating) on aluminium 
mandrels, which are subsequently chemically 
removed. 

3.5. Bends 
The highly oversized dimension of the wave

guide makes it possible to use quasioptical 
(mirror) bends. The main advantages of these 
HEll mitre bends are the compactness and large 
bandwidth. The expected losses per bend are 
0.4% and 0.55% for an Ηplane and Εplane bend 
respectively. Theoretically the mode conversion 
losses (0.25% in both cases) can be reduced by 
using phase corrected (curved) mirrors. Correct 
alignment of the mirrors is very important and 
optical surfaces are used to allow alignment 
with a HeNelaser. Two mitre bends are 
switchable, to allow switching to a dummy load 
and switching to a different launcher system (to 
be used for other diagnostic purposes). 
• 3.6. Launching system 
Behind the vacuum window (which could be 

similar to the gyrotron window), the radiation 
is guided by a corrugated stainless steel wave
guide and a mitre bend into the upper vertical 
port. A defocusing (70°) mitre bend followed by 
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a conical waveguide launch the beam onto an 
ellipsoidal reflector, which focuses the beam in 
the centre of the plasma. A mechanical drive 
makes rotation of the last reflector possible to 
allow a radial scan of the plasma volume. The 
antenna system is supported outside the torus, 
decoupled from the vacuum vessel by bellows. 
The mirrors are inertially cooled by the wave
guide. The receiver antenna is identical to the 
launcher and mounted symmetrically. The correct 
antenna pattern for reception is achieved by 
tapering down to a monomode waveguide. 

4. STATUS 
The scientific design of the system is 

essentially completed and the engineering design 
is currently in progress. It is intended to 
install the system on JET during the first half 
of 1990 for measurements during the final DD 
phase and throughout the DT phase of JET 
operation. 

ACKNOWLEDGEMENT 
The scientific feasibility of the 

transmission system was determined by the 
Stuttgart ECRH group under contract to JET. 

REFERENCES 

1. T. P. Hughes and S. R. P. Smith, JETP (1987) 
46(1987) to be published in Nuclear Fusion. 

2. K. E. Kreischer and R. J. Temkin, Phys. Rev. 
Letters 59 (1987) 547. 

3. K. Felch et al., Conf. Digest 12th Int. Conf. 
on Infrared and Millimeter Waves, Lake Buena 
Vista (Orlando), Florida (1987) 146. 

4. S. N. Vlasov et al., Radio Eng. Electron. 
Phys. 20 (1975) 14. 



AUTOMATIC WELDING AND CUTTING OF JET STANDARD JOINT CONFIGURATION 

P. PRESLE, L. GALBIATI AND T. RAJJÆNDI 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, England 

The automatic welding and cutting trolleys developed for the JET standard lip weld joint are 
driven electrically on roller bearings which clamp pneumatically the lip ( 2 x 2 mm) forming the 
standard JET edge weld configuration. Arc voltage control is used to follow irregularities on the 
lip edges and geometric changes when the welding trolley moves around corners. Pulse welding 
makes it possible to work in any attitude. On the cutting trolley the TIG torch is replaced by a 
nibbler which cuts the joints ready for rewelding, all material offcuts being captured by a vacuum 
system. It also allows flush trimming of two joint lips, thus allowing subsequent welding even 
with imprecise initial alignment. To date, 250 metres of lip joint have been trolley-welded, 
without detectable leak, and over 180 metres cut with the cutting trolley. Typical weld penetra
tions in the range of 1.7 to 2.5 mm have been achieved, depending on the lip material and the 
shielding gas. 

1. INTRODUCTION 
For high vacuum applications welding is con

sidered, in these cases, as the most reliable 
joining method. In general, the joining and 
separating operation must be repeated a number 
of times and motorised carriages automatically 
guided are envisaged. This solution is often 
preferred even if personnel access is allowed as 
it gives reliable results and avoids human 
errors. 

The following problems are encountered: 
- Remote positioning of guiding rails. 

Space required by guiding rails and interfer
ence with the design requirements of the duct. 

Precise positioning of mating surfaces. 
Space required by the motorised carriage. 
Ability for cutting and rejoining a number of 

times without substantially altering the rela
tive positions of the adjacent parts. 

Complete swarf removal during cutting opera
tions. 

Initial remote positioning of the automatic 
carriages. 

Position control of the welding or cutting 
heads along the joint. 

- Ability to continue welding by closing large 
gaps between lips. 

It is the scope of the concept hereby des
cribed to give viable solutions to the above 
problems . 

2. SYSTEM DESCRIPTION 
The mating surfaces of the Octant U joint, 

large ducts and rectangular ports, consist of 
two lips 2 x 2 mm, which meet on a plane perpen
dicular to the axis of the duct to be connected 
or separated. A trolley, provided with either a 
torch or a cutting head, is positioned on the 
lips. Two motorised rollers squeeze the lips 
onto each other, and move the trolley along by 
friction. They are mounted in a toe-in angle, 
in order to keep the trolley pressed against the 
joint even in an upside down attitude. 

The lip joint chosen offers the following 
advantageous features: 
- Locate and guide the trolley, thus avoiding 
need of rails. Initial positioning of the trol
ley is straightforward and can be quickly done 
by means of a telemanipulator. 

Provide margin for repetition of joining and 

A345 



cutting operations, without varying the relative 
positions of the adjacent parts. 

The lips can be thin enough, even for ducts 
with large crosssection, to permit cutting with 
nibbling machines. 
 The joint is totally located at one side of 
the separating wall of the duct, allowing total 
removal of the chips, avoiding the danger of 
them falling through the separating walls. 
 The welds are kept largely free of stresses 
due to the flexibility of the lips. 
 The disadvantage is that it is not a struct
ural joint so that external supports have to be 
provided in some cases. This limits accessibil
ity of the joint. 

3. DESCRIPTION OF THE WELDING TROLLEY 
The basic design is shown in Figure 1. The 

trolley comprises a bogey unit, torch assembly 
and jack system which are mounted together on a 
common support frame. 

Geared 
Torrt, DC Servo Motor 

Support 

Drive Motor 

Gearbox 

FIGURE 1 
Welding trolley 

The bogey is made up of two driving wheel 
subassemblies each of which consists of a wheel 
bearing, gearbox and electric motor all mounted 
eccentrically on a shaft which can be turned by 
a rack and pinion actuated by opposed air cylin
ders, pressurising of one of these cylinders 
will turn the shaft and bring the wheels either 
closer or further apart. The clamping force can 

exceed 1600 Ν for air pressure supply in excess 
of 6 bars. The bogey is pivoted so that the 
wheel axes are not perpendicular to the joint 
but are given a toein angle which makes them 
point inwards. 

During motion of the trolley the driving 
wheels pull the support frame against the edge 
of the lips with a force equal to the inwards 
friction force produced between wheel and plate. 
Therefore the trolley will be able to ride up
side down along the lips as long as the inwards 
friction force is superior to the trolley 
weight. The support frame carries two guide 
rollers disposed respectively at the forwards 
and rearwards ends of the carriage and bear on 
the edges of the lips. The driving wheels are 
mounted at a substantial toein angle so that 
they can negotiate bends of small radius while 
keeping the two rollers bearing hard against the 
lip edges. 

FIGURE 2 
Velocity variations 

Welding is done with a TIG torch mounted ver
tically on a pivoting arm, at the back of the 
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trolley. Seara tracking in the plane of the lips 
is achieved through AVC (Arc Voltage Control 
described later) by a geared DC servo. The 
motor can raise or lower the pivot arm in order 
to maintain a constant voltage between the torch 
tungsten and edge of the lips. The position and 
length of the pivot arm is such as to limit 
velocity variation of the tungsten tip relative 
to the edge of the lips during straight line and 
curved edge welding. Optimum figures on velo
city variations is 10.7% to  5.5% ref. figure 
2. 

The clamping of the trolley onto the lips is 
normally sufficient too close the gap between 
lips when the components are in tolerance. 
Excessive gaps may occur for the following 
reasons: lips out of flatness tolerance, weld 
deformation or unflush weld caps. The trolley 
has the capability of closing some of these gaps 
with an automatic clamping system, tack welding 
the joint at preprogrammed locations, prior to 
performing the continuous TIG weld. This clamp
ing system is mounted as part of the torch 
assembly pivot arm in order to squeeze the lips 
consistently on the edge, in both straight line 
and curved positions. 

Constant speed is achieved through a resolver 
geared wheel that rides on the lip edges and 
this gives a true feedback of the trolley speed. 
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FIGURE 3 
System control 

A. DESCRIPTION OF THE CONTROL SYSTEM 
The control of the welding trolley is incor

2 
porated in the Protig TIG welding machine which 
is microprocessor based. The block diagram in 
Figure 3 shows the tracking system for the weld
ing torch and the servo speed for the movement 
of the trolley. 

The tracking system is an AVC synchronised 
with the pulsed current coming from the welding 
machine. The frequency of this pulse is 1.5 Hz 
and the duty cycle of the high current is 60% 
that means 400 msec for high current and 266 
msec for low current, figure 3. During the 
period of high current the system is switched to 
AVC mode using the arc voltage as a position 
feedback for the Servo. Instead during the low 
current time (266 msec) the torch is kept at the 
same position as at the end of the high current 
pulse. Using this system the weld nugget iş. 
independent of the gravitational effect. 

4.1 Transporter speed control servo 
Figure 3 shows also the block diagram of the 

velocity servo that moves the trolley at preset 
speed. 

The resolver and the resolver to digital con
verter provide the position and speed signals 
that are processed by the welding control system 
which closes the velocity loop. 

A safety circuit will stop the trolley when 
the travel speed deviates more than 10% from the 
set point for longer than 2 sec. 

5. DESCRIPTION OF THE CUTTING TROLLEY 
The basic design is shown in figure 4. The 

trolley comprises a bogey unit cutting head 
assembly and jack system on a common support. 

A similar bogey design has been adopted for 
use on the cutting trolley. The function of the 
bogey assembly has been described previously in 
section 3. 

5.1 Description of the Cutting Head 
The cutting head is articulated on a support 
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block which is linked to the bogey body at the 
back of the trolley and is kept pressed against 
the lip edges by an air jack system. 

Culler End Switches 

FIGURE A 
Cutting Trolley 

The head is split in two, one half includes 
the hydraulically actuated punch, the other 
houses the mating die ring. Both halves are 
held together by a centralizing pin which also 
acts as a guide for the hydraulic piston, ref. 
fig. 5. The punch reciprocates nibbling cres
cent shaped chips off the welded lip as the 
bogey unit traverses the cutting trolley for
ward. After each cutting stroke, the punch is 
retracted by a small air cylinder incorporated 
opposite to the hydraulic cylinder. 

The punch life is increased by partially 
rotating it during the return stroke. Index 
increments approximately of 0.5 degree are 
produced by the return motion of the punch in 
contact with the lip and linear step motion of 
the cutting trolley. 

It is possible to index the die-ring in the 
housing four times to present a new cutting zone 
to the punch without disassembling the unit. 

Cutting depth is controlled by the relation
ship of the punch and hub diameters and the step 
distance of the trolley. A maximum step equal 
to half the first crescent cut length will pro-

..-duce a minimum constant cutting depth (2 mm). 

Typically lip welds can be removed by setting 
a 5 mm step distance which produces a constant 
cutting depth of 2.92 mm after 15/20 mm of trol
ley travel. 

The punch stroke can be reduced by incorpora
ting a spacer behind the hydraulic piston. This 
allows the puncher to constantly reference on 
top of one lip while flush trimming the other 
lip to the same level. Therefore subsequent 
welding even with imprecise initial alignment 
can be achieved. 

During all the cutting and flush trimming 
sequences all material off-cuts are removed by a 
suction system. 

5.2 Control System 
The cutting tool controller is a stand alone 

unit based around standard Siemens micro-pro
cessor boards. The unit controls all the 
functions of the tool from operating pneumatic 
and hydraulic valves to closing the velocity 
loop. 

The clamp and punch mechanism are operated 
simply by electrically driven valves with feed
back derived from limit switches. 

The position and velocity data are derived 
from a resolver as previously described. This 
information is used to move the trolley a known 
distance ready for the next cutting. 

Microswitch Lever 

Die-Ring 

Hydraulic 
Piston 

Die-Ring 
Housing 

Chip Sucking 
Chamber 

Hub 

Piston Housing / 

Punch 

FIGURE 5 

C r o s s - s e c t i o n of c u t t e r head 
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6. MATERIALS 
Both trolleys were handleable by the JET 

servo manipulator and will be made compatible 
with the JET remote welding system. 

For reduced weight, the cutter head housing 
and torch welding clamping system are in titan
ium alloy, bogeys and frame are in aluminium 
alloy. 

For high resistance to wear the material 
chosen for the cutting punch and die-ring is 
based on powder metallurgy sintered. 

7. RESULTS 
Welding - To date 250 metres of lip joints 

have been trolley-welded, without detectable 
leak. Typical weld penetrations in the range of 
1.7 to 2.5 mm have been achieved, depending on 
the lip material and the shielding gas. Ref. 
fig. 6. 

The welding parameters used were 60/15 amps, 
high/low current with 50% pulse width at 1.5 Hz, 
welding speed 1.7 mm/sec. 

Cutting - Over 180 metres of lip welded 
joints have been cut during the JET machine 
shut-downs. 

Inconel/Inconel 
HYTEC 5 gas 

S.Steel/S.Steel 
HELISHIELD 2 gas 

Inconel/S.Steel 
HYTEC 5 gas 

S.Steel/S.Steel 
HYTEC 5 gas 

FIGURE 6 

Weld nugget macrograph HYTEC 5 - 95% Ar, 5% H, 
HELISHIELD2-25% Ar,75% He 

FIGURE 7 
Welding trolley 

FIGURE 8 
Cutting trolley 
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A DUAL SYSTEM FOR THE STABILISATION OF THE VERTICAL PLASMA POSITION OF THE JET EXPERIMENT 

M Garribba, D Ciscato . M Browne, S Dorling, Ρ Noll 

JET Joint Undertaking. Abingdon. Oxon 0X14 3EA. UK 
¿t 
Universita' di Padova. Padova, Italy 

The vertical position of the JET plasma is unstable without feedback stabilisation. The growth 
rate can reach 200s1 for strongly elongated plasmas (b/a 2:2), A failure of the stabilisation at 
large plasma current (7MA) can cause damage to the vessel due to large vertical forces. A dual 
system which continues the stabilisation even in case of faults in the measurement system or in 
the conditioning electronics is needed for high reliability. A significant simplification in the 
control was also achieved by avoiding magnetic signals integration. 

1. INTRODUCTION 
' The JET vertical position control system 

comprises a Poloidal Radial Field Amplifier 
(PRFA) and a radial field coil represented by 
series connetcted subsections of PF coils P2 and 
P3 (fig 1). For feedback stabilisation, the rate 
of radial flux change is measured between 
symmetric locations Ζ =; ±1.7m, R Ü 3m inside the 
vessel, using the flux propagation method . A 
linear combination of magnetic signals from four 
internal pickup coils and from to external 
differential loops (saddle coils) is used for 
this purpose. For control of the vertical 
position at a slower time scale, a PRFA current 
feedback loop is employed. Without feedback 
stabilisation the plasma position is unstable 
with a growth rate τ in the range 100 to 
200 s1

. It is governed by the decay time of 
eddy currents in the vacuum vessel T„ ^ 3ms, and 
also to a minor extent by eddy currents in the 
mechanical shell. A short amplifier time 
constant T. < T„ is therefore essential. 

A V 
The PRFA uses 50 Hz thyristor bridges, 

allowing 4 quadrant operation with voltage range 
±4kV at full load current ±3kA. Two separately 

controlled units (range ±2kA) are connected in 
series with the radial field coil, employing 12 
pulse operation corresponding to an average time 
lag of 1.67ms for small amplitude changes. The 
PRFA is configured as a voltage amplifier due to 
internal voltage feedback (fig 2). A rate 
limiter ensures safe operation with inductive 
load and at large positive or negative amplitude 
demands. 

2. CONTROL SYSTEM 
For the definition of suitable controller 

functions F„ , FpŢ (fig 3) the previous system 
analysis

 1
,
3 on the basis of a simplified model, 

has been extended. The model comprises three 
circuit equations for currents in the radial 
field coil, the vessel and the mechanical shell 
and a vertical force balance equation for the 
plasma. Rigid vertical displacements 6Z of a 
vertically elongated plasma with peaked current 
profile were assumed (no skin effect, no change 
of current). The amplifier transfer function is 
taken as F. ~ (1 + sT.)"2

, T. =: 2ms. 
The loop gain K0 for voltage signals V. 

(fig 3) is the dominant parameter characterising 
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the stability region (fig 4). For a given degree 
of open loop instability (growth rate r) a 
certain range of K0 is possible. The upper limit 
gives a growing eigenmode at a frequency in the 
order of 100Hz. at the lower limit the frequency 
is in the order of 10Hz. The curve R0 in fig 4 
shows the maximum theoretical region, for pure 
voltage feedback in the stabilisation loop and 
absence of PRFA current feedback. 

Previously, both nonintegrated and 
integrated magnetic signals were used and 
proportional control was applied in the 
stabilisation loop, corresponding to a transfer 
function F ^ = PL(1 + l/sTL) in fig 3. The PRFA 
current was controlled by integral control F_T = 
1/sT, whereby the reference Vn_ Is usually set 
to zero. A slightly reduced stabilisation range 
Rt Is obtained (fig 4). 

The stabilisation system was simplified 
significantly by omission of all signal 
integrators ( corresponding to F_. = P. ). This 
required however the inclusion of some 
proportional feedback in the current loop (F^j = 
P. + 1/sT.). The resulting stabilisation range 
Ra (fig Ί) is insignificantly different from Rt. 

The stability region was tested 
experimentally at low plasma current, using a 
step of the current reference Vn_. In pulse 
14691 K0 as Increased 25% beyond the nominal 
value K0 = 1.0. A damped oscillation ith f Ü 
lOOlIz is visible (fig 5). In pulse 16972 K0 was 
reduced to 0.8. The vertical position is almost 
unstable and a frequency f =: 7Hz is seen 
(fig 6). 

3. DUAL SYSTEM 
Fig 7 shows the block diagram of the dual 

system. At power level a duplication is already 
implemented: two indipendent PRFA units are 
connected in series. If one unit trips it is put 
into freewheeling mode and the other one takes 
over. For high reliability this concept is 

extended to the measurement and control part. 
Two opposite octants are equipped to route the 
magnetic signals to the controller. The feedback 
signals are first individually filtered with a 
passive first order filter, which also adds a 
test signal. An Isolation amplifier stage 
provides the necessary galvanic Insulation 
between the torus and the control electronics. 
The six signals are then summed with appropriate 
weights to obtain the feedback signal DVZ. The 
signal of the active channel is compared with 
one passed through a passive dummy channel. A 
comparator decides wether one active channel is 
faulty and operates a switching network so as to 
take the PRFA input signal from the healthy 
channel only. With this configuration a complete 
independendence of action between the PPOC fault 
detection system and the PRFA fault detection 
system is achieved. 

4. TEST SIGNAL INJECTION 
The test signal injection is performed by 

signal transformers, which avoid any common mode 
voltage injection between two different 
channels. The test signal is summed with 
opposite polarities in all channels as shown in 
fig 8. When one injected signal is missing the 
faulty state is detected according to fig 8. The 
adopted scheme allows the detection of a cable 
disconnection. In the case of an open circuit 
the test signal is however not completely lost, 
but a contribution of ~24X of the original value 
is expected, due to the capacitive current In 
the cable. 

5. FAULT DETECTION SYSTEM 
Fig 9 shows the block diagram of the fault 

detection. An input high pass filter prevents 
transient saturations of the next gain stage. 
The signal Aa coming from the active channel can 
be split in two terms: 
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A3(t) = A30(t) + Ααι sin ut 

A30(t) is the feedback signal from the 
magnetis measurements, A31 is the injected test 
signal. A, is a pure sine wave because it comes 
from the dummy channel. It matches the active 
channel phase within a certain error δφ. After 
multiplying the two signals a dc component M, 
can be retrieved: 

M
dc = è A a i A

d
c o s δφ 

A fault occurring anywhere in the signal 
conditioning changes the amplitude of M, in 
both directions. A normal operation indow is 
defined together with the filter time constant 
for retrieving M, . Two opposite constraints are 
taken into account: a) the filter must provide a 
clean dc component; b) the reaction in case of 
fault must be within few milliseconds. The 
resulting compromise is such that the worst 
fault considered (saturation of a summing 
amplifier) does not imply the loss of the 
control. 

An analysis of the robustness of the fault 
detection against plasma oscillations in the 
1kHz range is also carried out. This is based on 
amplitudes and frequencies of oscillations 
observed on a certain range of JET shots. The 
result is that a first order low pass filter 
with 20Hz bandwidth and two thresholds at ±40% 
of the normal level can reject the disturbances 
and contain the response time of the fault 
detection in the range of 1.6 - 4.8ms. Table II 
shows the actions in case of faults occurring. 

6. CONCLUSIONS 
Since high reliability is required for JET 

7MA operation, a dual stabilisation system 
including a protection system against faults in 
the electronics and in the measurements is 
proposed here. The intermediate result of this 
design is that a substantial simplification in 
the control system is achieved by omitting the 
integrators in the stabilising loop. The 

implementation of the dual system will also 
reduce the pick up of helical plasma modes, 
because the plasma position is measured at two 
opposite points in the torus. These modes have 
occasionally lead to abnormal stabilisation 
behaviour prior to a disruption. 
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Table II: Actions in case of PPCC fault 

0 Normal s i t u a t i o n with V d r i v i n g PRFA Α.Β and V PRFA 
z a z 7 

CD. 
1 Channel 3 disconnected V is driving both PRFA units. 

Possible faults: 

a] disconnection of one magnetic signal. 

b] saturation of any signal amplifier. 

c] no power supply to signal amplifiers. 

d] saturation of channel 3 of the fault detector. 
2 Channel 7 disconnected V is driving both PRFA units. 

z 3 

Possible faults: 

same as in the case ST = 1 but In channel 7 

3 Abnormal functioning with V driving PRFA C.D and V 
Z
3 Z7 

driving PRFA A.B. 

Possible faults: 

e] no test signal from the oscillator. 

f] channel 3 and 7 of the fault detector saturated. 
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JET NEUTRAL BEAM SPECIES MEASUREMENTS BY DOPPLERSHIFT SPECTROSCOPY 

G H Deschamps, H D Falter, R S Hemsworth, Ρ Massmann 

JET Joint Undertaking, Abingdon, Oxon, ΟΧ14 3EA, England 

The species mix of the JET neutral injector ion sources is measured several times per pulse for 
3 seconds by Dopplershift spectroscopy. The fullenergy ratio increases with beam current: 85% 
for 60 Amps in hydrogen and A4 Amps in deuterium, and the half and third energy neutrals represent 
10 and 5% respectively. No variation greater than ± 2% is observed throughout the pulse. 

1. INTRODUCTION 
The neutral beams of the JET injectors are 

produced by extraction of hydrogen or deuterium 
positive ions from a magnetic multipole plasma 
generator at voltages between 40 and 160 kV. 
The ion current yield of 10 to 60 Amps is par
tially neutralised in a gas target of about 
10

1
* mol/cm

2 and the positive molecular ions 
dissociate into full, half, and thirdenergy 
particles in various proportions depending on 
the energy. Fast excited atomic neutrals which 
emit Balmeralpha light are created by colli
sions with the background gas. These can have 
the same energy as the extracted ions or one 
half or one third of that energy. 

On the JET neutral injection test bed the 
Balmeralpha light is collected and analysed by 
two grating monochromators viewing the beam at 
an angle of less than 50° relative to the beam 
axis. The three different energies of these 
fast neutrals result in three Doppler shifted 
lines which are readily resolved down to ener
gies of 20 keV per nucleón. The analysis of the 
Doppler shifted spectrum may be used to deter
mine the extracted or the neutral species mix 
1.2,3,4.5 

In this paper we present the results of deu
terium and hydrogen species measurements from 
the tests on the ion sources now in operation on 
JET. The timeaveraged species mix is given as 
a function of the extracted beam current. 

Additionally the species ratios are plotted as 
a function of time during the first 3 seconds of 
a pulse. 

2. EXPERIMENTAL SETUP 
2.1 Description of the apparatus 
The Doppler shift spectroscopy measurements 

on the neutral injector test bed are carried out 
by two grating monochromators manufactured by 
Spex and JarrellAsh. 
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 L
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The Spex is a modified 0.5 metre 1800 gr/mm 
CzernyTurner spectrometer coupled to a 5 Hz 
vibrating mirror. The JarrellAsh is a 0.5 m 
Ebert monochromator with an 1800 gr/mm grating 
and a hexagonal mirror rotating at 50 to 
100 rpm. 

The light is collected at an angle to the 
beam of 133 degrees for the Spex and 49 degrees 
for the JarrellAsh (Fig.l) and focussed onto a 
low loss optical fibre of circular cross section 
30 metres long. The other end is matched to the 
entrance slit of the monochromator for optimum 
transmission either through a fishtail (Jarrell
Ash) or by lens focussing (Spex). 

, 2.2 Signal conditioning 

Fig. 2  Dopplershift vs. energy 

λ(Ε) [mH = 656  0.958 ' cas θ · ΓΈ + 7 · ΙΟ'3 · Ε 

The Balmeralpha spectrum is resolved by the 
settable grating between typically 6A8 and 
656 nm for the JarrellAsh and 656664 for the 
Spex depending on the Doppler shift which is 
given as a function of energy in Fig.2. The 
dispersed light is time resolved by electronic
ally driven mirrors either continuously 
(JarrellAsh) or periodically (Spex). 

The signal is amplified by a low noise photo
multiplier of constant gain over the spectral 
range. The total transmission of the monochrom
ators has been calibrated with a constant Η 
source as a function of the grating wavelength 

The r 
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monochromators cover about 10 nm, full width at 
half maximum. The dotted curve on Fig.2 shows 
that the difference in wavelength between full 
and third energy do not exceed 2 nm up to 50 
keV/nucleon which means that the Spex transmis
sion can be kept constant for the full Doppler 
shifted spectrum providing the grating setting 
is equal to the thirdenergy species wavelength: 
λ_. = λ(Ε/3). The optimisation of the transmis
ul 
sion for the JarrellAsh consists in setting the 
grating in the middle of the spectrum, i.e. 

λ (Ε) + λ ( Ε / 3 ) . . . . . . . . 
λ _ = —*——^ i to keep the transmission 
above 95% up to 140 keV/nucleon. 

JARRELLASH 

λ_. The results are plotted on Fig.3. Both 

\  \a [nm] 

Fig. 3 Transmission coellicients (Xa=Graling wavelength) 

2.3 Data acquisition 
The monochromator signals are digitised every 

pulse at a 10 kHz rate. The ADC is triggered at 
the start of the beam and stays on for 3.2 sec
onds. Each spectrum scan lasts between 0.1 and 
0.3 seconds, which allows up to 30 scans per 
pulse, and the measurement of species ratios as 
a function of time during the pulse. 

3. DATA ANALYSIS 
The processing of the monochromator data 

requires a dedicated software to reduce 
32 kbytes down to four species ratios (including 
impurities) as a function of time and as a time
average for each monochromator. The Program 
SPECIES has been implemented for this purpose. 

The algorithm of the program consists of two 
main parts: 



a) a pattern recognition routine to identify the 
Dopplershifted peaks with a high reliability 
in noisy operating conditions; 

b) a calculation of the timedependent and time
averaged species ratios. 
Each species fraction EPS(S) is defined as 

the ratio of the corrected integral of the 
Dopplershif ted peak to the sum of all the 
corrected integrals. 

EPS ,«., = [ B(E/S) * C(E/S) / a(S) ] 
tfb ^' IS B(E/S)«C(E/S)/a(S) 

The first correction a(S) takes into account 
the transmission function of the apparatus as 
defined in the previous section. 

The second correction coefficient C(E/S) 
includes the dissociation, recombination and 
excitation crosssections producing the neutral 
atoms. It is defined for each molecular ion 
species. These coefficients C(E/S) have been 
computed from measured crosssections [6,7,8] 
for the relevant energy range (Fig.4). 

Táig«! trwckn·,, nJ«U3*cm' 

50 60 70 80 90 100 110 120 130 
E|ktV.ttmu| 

20 W 

Fig 4 Cross section coefficients vs energy per nucleon (20 to 130VtVTaiTMj) 

The dependence of C(E/S) with neutralisation 
target density is weak above 1016 mol/cm3

, which 
is our normal operating range. Therefore the 
coefficients are assumed to be independent of 
target density and dependent only on the energy 
per nucleón. The species ratios depend on the 
following parameters: 

a) the viewing angle 
b) the grating setting 
c) the extraction voltage 
d) the atomic mass number 
e) the species number 

Θ(Ι) 
XG(I) 
V 
Ν 
S 

(a) and (b) depend on the monochromator type : 
1 = 1 for the Spex, 1 = 2 for the JarrellAsh. 
The extraction voltage is averaged over the 
pulse and is a constant within ± 1%. The mass 
number Ν is determined by the selected gas : 
Κ = 1 for hydrogen, Ν = 2 for deuterium. The 
species number S is an identifier of the peak in 
each spectrum : S = 1 for the fullenergy, S = 2 
for the halfenergy, S = 3 for the thirdenergy, 
S > 9 for the impurities (S = 10 for D,0*, 
S = 18 for H,Cr). 

4. RESULTS AND COMMENTS 
4.1 Deuterium species mix as a function of 

current 
The deuterium species mix was evaluated 

between 14 and 44 Amps from 20 to 40 keV/nucleon 
at two different pressures for both monochrom
ators. The normal background pressure in the 
vessel is 7.10"

5 Torr, and to increase the 
Balmer emission an additional gas puff is intro
duced raising the pressure up to 4.10"* Torr 
during the beamon time. The comparison of the 
results at both pressures and between the two 
monochromators enables a validity check to be 
carried out. Measurements were made in 
optimised source operating conditions, i.e. for 
a minimum beam divergence. 

The Spex data are plotted in Fig. 5 for the 
normal background pressure (continuous line) and 
with additional gas (broken line). The compar
ison between the two curves shows that the aver
age fullenergy species ratio seems higher at 
the normal pressure by 3 to 4%. This can be ex
plained by a systematic error in the integration 
procedure: the peak integration is a function 
of the zero reference calculated by averaging 
the background noise before each scan. This 
average is higher at the beginning of the scan 
and the drop can cause an overestimation of the 
species ratio derived from the highest peak 
which is the fullenergy peak for these 
measurements. This error, being inversely 
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Fig. 5 · Deulenum species ratios vs. beam currenl at minimum divergence 

proportional to the signaltonoise ratio, is 
greater at low pressure. The ratios evaluated 
with additional gas are therefore more reliable 
and all measurements at normal pressure with the 
Spex have to be corrected by subtracting 3%. 
The variation of the species during the pulse 
represented by the vertical bars is random and 
is equivalent to an error bar of + 2 to 3% 
depending on the signaltonoise ratio. 

\ 60W \ 

i JAHRELLASH 
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φ Minimum divergence beam 
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Fiq.6 Deuterium species ratios vs. beam current (lor 3 voltage settings) 

A more extensive analysis of deuterium shots 
for variable currents has been carried out at 
60, 70 and 80 kV for normal gas pressure for 100 
shots with frequent breakdowns during the pulse. 
Both sets of monochromator data are plotted as a 
function of beam current on Fig.6 (the dots 
represent the Spex data, the crosses the 
JarrellAsh). 
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The fullenergy species for the minimum 
divergence beams (shown as open circles on 
Fig.6) are higher on average than the species at 
higher extraction voltage but with the same 
current. However the variation during the 
pulse, represented by the error bars, covers the 
difference and a global trend of increasing 
fullenergy species with current can be seen, 
independent of the extraction voltage, from 70 
to 90%. The halfenergy species decreases 
slowly from 1A to 8% and the thirdenergy 
species drops from 1A down to 5% for a current 
variation of 20 to AA Amps. 

A. 2 Hydrogen and deuterium species mix for 
80 kV ion sources 

FULLENERGY 

Deulenum 

■ Ja'tollAjh 

0 Spe« 

Hyd'ogen 

* JarrellAsh 

Λ Spe ι 

HALFENERGY 

r v :  £ . ' j ■■·■■. 4 ♦ \ λ ' f—ι

THIROENERGY 

Fig 7  Species ratios vs extracted current for deuterium and hydrogen operation 

A more extensive survey of the species ratios 
for deuterium and hydrogen operation has 
recently been made with the 80 kV ion sources. 
More than 200 shots have been analysed. The 
energy range is 20 to 80 keV/nucleon and 1A to 
60 Amps, and the crosssection coefficients vary 
by a factor 2 over the energy range. The ratios 
are plotted as a function of current on Fig.7 
for both monochromators at normal background 
pressure. The deuterium and hydrogen measure
ments are represented respectively by the 
circles and triangles for different ion sources. 
In general both hydrogen and deuterium species 
follow the same trends with a slightly higher 
average fullenergy fraction in deuterium. 



The fullenergy ratio increases from 65 to 
85% between 20 and 60 Amps for hydrogen. There 
is no clear evidence of a decrease for the half
energy ratio with current as the whole data set 
lies between 15 and 10% over the whole range 
except around 15 Amps where the data is too 
scarce to be conclusive. The variation at 
constant current is also about 5% depending on 
the ion source and the gas type. Between 20 and 
40 Amps the H,* ratio is 4 or 5% higher than 
D/. The D3* ratio is higher than Da* below 20 
Amps and decreases down to 4% at 4 Amps. The 
H J V H J * ratio is on average higher than the 
D J V D J * one. Impurities are only present at the 
startup of ion source conditioning showing 
water impurities only. A check is made for all 
pulses by integrating between the unshifted peak 
and the thirdenergy peak. The results show 
that less than 2% impurities are present which 
is comparable with the fluctuations of the main 
species ratios. 

4.3 Species mix variation during a pulse 
Typical examples of species mix measurements 

throughout a pulse are given for optimised beams 
and signals for 5 different currents (Fig.8). 
The ratios remain constant within a 1 to 3% 
margin. The fluctuations of ratios do not show 
any pattern through the pulse and the variations 
seen can be attributed to random errors. 

IBS IttO IBS WO 305 

SPEX ip«Cl«S M h· I tntrgv rtlkhV*·* t m# ( ! ·«) 

F i g 8 Species ratioS Vs I me va al on lor m η mum d ve gene· do tenumbeam» 

5. CONCLUSION 
The Dopplershift spectroscopy technique is a 

reliable tool for the species mix measurements 
in the JET high current neutral beam ion 
sources. It is limited by the accuracy of the 
crosssection measurements and the spectrum 
integration. The accuracy of the integration 
has been tested and evaluated at ± 2%. 

The overall accuracy of the results in a wide 
range of operating conditions is within ± 3%. 
The yield of fullenergy particles is above 80%: 
85% for 80 kV ion sources, between 50 and 60 
Amps when the source is operated with hydrogen, 
and between 40 and 45 Amps when operated in 
deuterium. The 160 kV ion source data analysed 
so far with hydrogen show the same trend and 84% 
H* is measured for 120 kV 34 Amps beams and 74% 
for 80 kV 18 Amps. 

The fractional energy particles represent 
about 10% and 5% at high currents for the half
and thirdenergy respectively. 
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DESIGN OF THE PROTECTION CROWBAR FOR THE LHCD KLYSTRONS IN JET 

C CHRISTODOULOPOULOS, D CROSS, H HRABAL*. E BERTOLINI, R CLAESEN, W WEIGAND* 

JET Joint Undertaking, Abingdon, OXON 0X11 3EA, UK 
* SIEMENS, D8520 Erlangen 2, Germany 

The JET Lower Hybrid Current Drive Generator (LHCD) will consist of 21 Klystrons. The system is 
expected to be fully operational in 1990. It will be composed of six modules of four klystrons 
each and of two klystrons for the testing of the LHCD component. Two klystron modules will be 
ready for operation with the JET machine in early 1989. In order to protect the klystrons in case 
of arcing or overvoltage, crowbars near the klystrons are foreseen. For this purpose ignitrons as 
opposed to thyristors were chosen. The design of the crowbar for the LHCD takes into account the 
past experience obtained from operation of the Neutral Beam protection crowbars and follows a 
different approach for the ignitrón triggering and the anode/cathode temperature control. 

1. INTRODUCTION 
The protection crowbar for the LHCD system 

shall consist of seven identical units to be 
used for the six klystron modules of the JET 
machine and the Test Bed. The first two units 
will be fully commissioned by the end of 1988 

Each crowbar unit will use ignitrons as main 
switching element. The purpose will be 
protection of the klystrons against damage if 
either an arc occurs in a klystron, or an 
overvoltage i.s applied to the klystron cathode. 
The crowbar unit will also provide accurate 
klystron beam current measurements. 

2. SYSTEM DESIGN REQUIREMENTS 

The overa l l system shown in f i g 1 in a 

s impl i f ied form, i l l u s t r a t e s the Crowbar 

Klystron Pro tec t ion Unit (CKPU), which i s 

remotely fed from the High Voltage Thyr i s to r 

Star Point Control led Supply with i t s assoc ia ted 

f i l t e r components, and the four klys t rons with 

t h e i r assoc ia ted r e s i s t o r s . 

The CKPU i s to provide accura te klys t ron beam 

current measurement 20A + 1$ and t o protec t the 

klys t ron agains t damage if an arc occurs in any 

of the four klys t ron l oads . 

Damage can occur, under an arc s i t u a t i o n , if 

the energy d i s s ipa t ed in the klys t ron load 

I —4~— X 
• 'Lie sw ciotto S:HUI*T:»G HITSTSOH A"C 
· " cnowetn CLOSED UP "OiS.S trita KCTSTOON SHOUT H « S 0 C C J » Î 0 
· « SISTEM !S FIOATINO CONHECTINC TO JE" E»HTM 0«O »T WiCHINE 

Fig. l . C 1RCUITRY RELATED TO THE ASSOCIATED HV POWER SUPPLY SYSTEM 

exceeds 30 Joules. The Crowbar is to both sense 
this overload condition and to protect the 
klystron by immediately, within 50μ3 5, 
diverting the current from the klystron to the 
Crowbar, to subsequently discharge the 
associated High Voltage Power Supply Capacitors 
and conduct fault current until the thyristors 
of the HVPS are blocked or the breaker trips. 

The CKPU is to self crowbar if the input 
voltage exceeds 70kV to 80kV, manually 
adjustable. 
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Safety earthing switches are to be 
incorporated within tne Crowbar Cabinet as well 
as filter components to correctly match to the 
HVPS supply cables. 

3. SYSTEM DESCRIPTION 
Refer to fig 2 throughout this section. 
3.1 Main Crowbar Stack 
The main crowbar stack c o n s i s t s of th ree 

Dsize i gn i t rons type NL1489 arranged in 
ser i es . 

The NL 1489 i gn i t rón i s the coaxial version of 
the NL1H88 and i t has the same e l e c t r i c a l 
c h a r a c t e r i s t i c s , including a condit ioned maximum 
holdoff voltage of 50kV, a c a p a b i l i t y of 100AS 
per pulse and peak cur ren t of 90.000A. 

The coaxial conf igurat ion of the Ign i t rón 
Crowbar System r e s u l t s in the current flow via 

To Klystr η units 

♦ t ♦ 
Supcly i 

ψ, fe 9 9 9 Φ ϊ* 
ţ i ' 1 I Γ Η ■ ■ 

J 

F g 2 IGNITRÓN CROWBAR 

the arc from anode to cathode, with a return 
current up the wall of the envelope to the 
cathode terminal. This has the effect of 
neutralising the magnetic field, which would 

otherwise tend to deflect the arc towards the 
envelope walls at higner peak currents and 
longer conduction times (more than one 
millisecond), resulting in erosion of the metal 
surfaces and subsequent deposition of evaporated 
metal onto the internal tube structure including 
the igniter. Eventually the erosive action 
would lead to severe ignitor wetting, a 
condition that is the principal mechanism of the 
ignitrón end of life failure (i.e. the inability 
to trigger the device into conduction). 

In the JET LHCD application during a crowbar 
the peak current will be 3000A with a maximum 
conduction time up to 14) milliseconds when the 
HVPS thyristor controller is blocked, or 100 
milliseconds if the controller fails to block 
and the 33kV breaker is tripped. 

3.2. Triggering system 
The type NL1489 ignitrón has two ignitors. 

Both are used for triggering the ignitrón each 
with a different method. 

3.2.1. Separate Excitation 
The ignitrón is triggered into conduction by 

discharging a capacitor through the ignitor via 
transformers. The triggering system for the 
LHCD crowbar is different from that of the PINI 
protection system crowbar ', in that each 
ignitor at every ignitrón is connected to the 
secondary of a separate pulse transformer, each 
transformer primary being fed by the same 
constant current. 

Each transformer consists of two ringcore 
elements made of Permax F arranged into an "8" 
shape. The primary winding is an HVDC cable, 
running through the holes of the "8" in four 
turns for all three stages. The secondary 
winding surrounds both the cores of the "8" and 
one end is attached at the ignitrón cathode 
level. The primaries are supplied by a trigger 
unit installed at ground level. 

The trigger unit consists of a 2kV, 3uF 
capacitive device, which will be switched to the 
primaries of the pulse transformers via a fast 
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turnon t h y r i s t o r type No Bst RG3 H 200t . 
The t r i g g e r transformer r a t i o u t i l i s e d i s 3:1 

providing 2000V to the i g n i t o r and an assoc ia ted 
i g n i t o r cur ren t of 150 to 200A. Trigger pulses 
of between 2 to 4με durat ion wi l l be t r ansmi t t ed 
t o the i g n i t r o n s , which i s s u i t a b l e for t h i s 
app l i ca t i on of up to 10,000 s h o t s . 

3 . 2 . 2 . Anode f i r i n g 
A high energy MOV stack cons i s t i ng of 13 

r e s i s t o r s type S10V E 801KV252 will be provided 
across each s tage in order t o l i m i t the voltage 
across an i gn i t r ón which has not f i r e d and also 
to provide cur ren t with asspc ia ted energy t o the 
second i g n i t o r of the i g n i t r ó n thus supplying an 
add i t iona l t r i gge r c a p a b i l i t y . Backup spark 
gaps will be t r igge red by overvol t age , 
ad jus t ab le over 25kV, so pro tec t ing the MOV's in 
the case of a non f i r ing i g n i t r ó n , and will also 
feed energy i n t o the second i g n i t o r . 

The use of spark gaps depends on the presence 
of a voltage grea te r than the nominal 25kV 
across one s t a g e , and as such i t i s not useful 
for the klys t ron arc ing cond i t ion , which wi l l 
r e s u l t in 19kV appearing across the s tack at the 
maximum opera t iona l HVPS voltage of 65kV. 

3 . 3 . R C Uni t s . 
An RC matching un i t cons i s t ing of a r e s i s t o r 

of 50Ω in s e r i e s with a capaci tor of lOnF will 
be i n s t a l l e d in the crowbar cubic le in order t o 
minimise switching vol tage t r a n s i e n t s , which are 
due t o the 200 meters of HVDC coaxial cab l e . An 
inductor of 200μΗ wil l l i m i t the r a t e of cur ren t 
r i s e in the k l y s t r o n . 

In p a r a l l e l with each crowbar s tage RC un i t s 
are used, which cons i s t of 150nF c a p a c i t o r s , 
with 10Í2 r e s i s t o r s in s e r i e s . Their main 
purpose i s to enforce i o n i s a t i o n of mercury 

immediately a f t e r f i r i n g , opera t ing s i m i l a r l y t o 
a holding anode, so t ha t missynchronisa t ion of 
the t h r e e i gn i t rons can be overcome. 

3 . 1 . Cathode and anode temperature control 
One of the most troublesome aspects of the 

use of i g n i t r o n s i s t h e i r tendency t o s e l f  f i r e 

(breakdown) at voltages below t h e i r ra ted value . 
Self f i r e i s dominated by th ree f a c t o r s : 
i ) The temperature of the mercury pool, 
i i ) Mercury drop le t s in high f i e l d regions 

within the tube , 
i i i ) The presence of foreign gases in the tube . 

3.1.1 Cathode temperature control 
The i g n i t r ó n i s a device designed to operate 

at the l e f thand s ide of the Paschen curve , where 
the breakdown voltage decreases rapid ly with 
inc reas ing Hg vapour pressure . The Hg pressure 
in tu rn increases rap id ly with increas ing 
temperature (pressure increase from 0.00l9mmHg 
to O.OII71 mmHg from 10°C to 36°C). Voltage 
holdoff c a p a b i l i t y i s almost halved for an 
increase of 10°C above 30°C. 

On the other hand the anode delay time and 
the i o n i s a t i o n process , which i s vapour pressure 
dependent, will be increased when the cathode 
temperature decreases . 

For the LHCD a p p l i c a t i o n , the t o t a l f i r i n g 
time i s not c r i t i c a l , whereas s e l f  f i r e i s 
considered important , r e s u l t i n g in a need t o 
keep the cathode temperature constant at 15°C 
via water coo l ing . The water cooling plant 
c o n s i s t s of the compressor, pumps, water s to rage 
tank, an ion exchanger loop and a water 
d i s t r i b u t i o n for 6 crowbar u n i t s . A standby 
system wil l be provided for a f a s t changeover in 
the case of system f a i l u r e . The system i s 
envisaged t o opera te day and night in order t o 
keep the i gn i t r ón cathodes cont ro l led at the 
cor rec t tempera ture . 

3.1.2 Anode Temperature Control 
In order t o i n h i b i t formation of mercury 

drop le t s in the high f i e l d region a temperature 
d i f f e r e n t i a l of more than 30 degrees wil l be 
es tab l i shed between anode and cathode. The 

anode wi l l be heated by infrared lamps to 
approximately 50°C. 

3.5 Crowbar DC Current Sensing 
In order to prevent the p o s s i b i l i t y of a high 

leakage cur ren t being es tab l i shed in the 
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Crowbar, which would r e s u l t In high i n t e r n a l 
d i s s i p a t i o n , a dc cu r ren t de t ec to r wil l t r i p t h e 
HVPS and alarm the system. 

3.6 Maintenance Procedures 
The crowbar w i l l be checked d a i l y before 

klys t ron ope ra t i on , at a vol tage below IlkV and 
a l s o the i gn i t r ons wi l l be rep laced a t regu la r 
i n t e r v a l s , defined by the manufacturer and JET 
opera t ing c o n d i t i o n s . 

3 . 7 . Mechanical layout 
Each crowbar w i l l be i n s t a l l e d i n a m e t a l l i c 

d us t proof enclosure with the following 
dimensions: width: 1550mm, depth: BOOmm, h e i g h t : 
2038mm. 

The main components of the crowbar a r e 
arranged in t h r e e s t a g e s , which wil l be 
supported on four i s o l a t i n g thread rods made of 
c y c l o a l l p h a t i c epoxy r e s i n . This mater ia l has 
high arc withstand c a p a b i l i t y and high glow 
r e s i s t a n c e , but a s e l f  i g n i t i n g temperature of 
J u s t above U30°C. An a l t e r n a t i v e under 
cons idera t ion i s to use ceramic mater ia l d e s p i t e 
i t s b r e a k a b i l i t y . 

The crowbar components on the t h r e e s tages 
are arranged as c lose ly as poss ib le toge the r in 
order t o get at l e a s t 200mm a i r dis tance t o the 
ear thed par t s of the enc losure . The cab les and 
the cooling water pipes wil l be ducted through 
the bottom via spec i a l t i g h t glands . The s ide 
panels wil l be welded onto the frame. The r e a r 
s ide wil l be made of pane ls , which a r e screwed 
onto the frame, whereas the f ront wil l have two 
l o c a t a b l e panel doors . Rubber p r o f i l e door and 
panel s e a l s wil l be used t o keep the cub ic l e 
a i r t i g h t , which serves th ree purposes: 

I ) t o s top mercury vapour escaping and 
contaminating other equipment i n the case 
of f i r e , 

I I ) t o cause oxygen s t a r v a t i o n i f a f i r e 
s t a r t s , 

i l l ) t o help cont ro l the tempera ture . 
As already mentioned in 3 . t the l o s s e s of 

the i gn i t r ons a re ca r r i ed away by the water 

cooling syst« 

1». THYRISTOR CROWBAR STUDY AND TESTS 

Fig.3. THYRISTOR TEST SYSTEM 

The supp l i e r of the crowbar has ca r r i ed out 
t e s t s with t h y r i s t o r s , as an a l t e r n a t i v e to 
i g n i t r o n s , to assess t h e i r c a p a b i l i t y for 
crowbar opera t ion : 

1) dv/dt up t o 6kV/ys i n forward d i r e c t i o n , 
i l ) d i / d t up t o Ί00Α/μ3, 
i i i ) 10000 pulse c a p a b i l i t y . 

The t h y r l s t o r , type No SIEMENS Bst RG3 Η 200t 
was chosen because of i t s high cur ren t switching 
c a p a b i l i t y and associa ted high vol tage r a t i n g of 
3,000V. This t h y r l s t o r a l s o has a non r epe t i 

t i v e impulse cu r ren t r a t i n g of 15kA which i s 
well above the expected minimum crowbar cur ren t 
of 3kA. Three t h y r i s t o r s of t h i s type were 
randomly s e l e c t e d t o be subjected t o cur ren t 
pulses of 3kA peak, d i / d t pulses of 1000Α/μ3 and 
dv/dt voltage pulses of 12kV/ps. One t h y r l s t o r 
was submitted t o 10,000 p u l s e s , one t o 2000 
pulses and the l a s t one t o 1000. All t e s t s were 
performed succes s fu l l y , at an ambient tempera

t u r e of 25eC and a t a pulse r a t e of 1 per 
minute, which approximates t o the maximum 
crowbar duty r a t i o . 

Based on the fac t t ha t the maximum continuous 
DC vol tage in a forward d i r e c t i o n should be 
smaller than 60< of the r e p e t i t i v e r eve r se 
voltage (URRM), a t o t a l of 12 t h y r i s t o r s in 
s e r i e s I s requi red for a maximum withstand 
vol tage of 75kV. As a s i n g l e t h y r l s t o r 
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could be r e l i a b l y t r i gge red with an anode 
cathode po ten t i a l below 50V, no t echn ica l 
reasons should prevent a complete Thyr i s to r 
Crowbar Stack being success fu l ly t r i gge red below 
2kV, thus providing safe klys t ron arc 

p r o t e c t i o n . 
Simulation showed that a klystron arc could 

still be limited to a safe level using 
inductors, allowing thyristors with lower di/dt 
capabilties to be used. 
5. OPERATIONAL EXPERIENCE WITH THE JET NEUTRAL 

BEAM CROWBAR 
This crowbar protects the neutral injector 

beam source. It is located inside the Grid 1 
protection system cabinet. When an overcurrent 
occurs in the grid, which can not be blocked by 
the series tetrode, the crowbar is fired short 
circuiting the output of the HVDC power supply 
that feeds Grid 1. The stack consists of five 
ignitrons in series with cascade triggering 3

. 
Many problems have been encountered during 

operations. False triggering, which has been 
reduced by improved circuit design and extra 
filtering, or self firing of the ignitrons has 
caused a lot of early terminations of neutral 
beam pulses as shown in fig k. 

Although improved conditioning and 
maintenance procedures have somehow reduced the 
number of ignitrón self breakdowns z, this 
problem has not been resolved. Ignitrón 
breakdown occurs to units at random and at 
various times, particularly at the beginning and 
towards the end of operations. 

Temperature measurements have shown that in 
the afternoon the ambient temperature reaches 
2830°C, whereas the temperature in the 
protection system is at least two degrees higher 
than the ambient. The ignitrón cathodes are not 
cooled and the anodes are heated by forced hot 
air supplied through caramic supports from the 
blower and heater situated below the stack. The 
temperature of the air blown into the anode of 
the bottom ignitrón at one protection cabinet 

was found to be 37°C At the end of JET 
operation the heater is switched off, which 
could result in an inadequate temperature 

TOTAL NUMBER OF TERMINATIONS 27« 

MRS iiiiiiiillllllltlllllllll 

Gl TUBE SCR. CURRENT 

BREAKDOWN OF POWER SUPPLY 
TERMINATIONS WEEKS 505 Ι 52/β7 f ig.4 

d i f f e r e n t i a l between anode and cathode at the 
beginning of the following JET sess ion and could 
cause s e l f  f i r i n g of the crowbar espec ia l ly when 
the input voltage i s over 100kV. 

6. CONCLUSIONS 
The decis ion t o u t i l i s e i gn i t rons for the 

pro tec t ion of the klys t ron was based primari ly 
on t h e i r lower i n i t i a l cost and t ha t t h e i r known 
problems had been addressed with t h i s design, 
whereas po ten t i a l problems assoc ia ted with a 
Thyr i s to r Crowbar were not known when the 
decision had t o be made. 
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THE JET REMOTELY CONTROLLED WELDING SYSTEM 

A GALETSAS, M WYKES 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA, England 

A comprehensive Remote Welding System for use during the remote maintenance of JET has been 
specified, designed, procured and tested. The system comprises various weld tools, weld current 
power source, supply for tool actuators, weld gases and cooling water, a command and control 
interconnection system and the operator Man-Machine Interface (MMI). The welding tools which 
include orbital, bore, lip and tack welders some with AVC, wire feed or weave have previously been 
reported elsewhere. Due to the radiation environment at the workpiece all of the weld power and 
service supply packs are located up to 50 metres from the tool. Standard welding power packs are 
not usually required to generate and control welding arcs over such long distances and the device 
used at JET was selected only after a rigorous test programme. The command and control of the 
power pack from the remote control room is achieved with a standard serial link. This has been 
successfully implemented in the face of severe interference problems from the h.f. arc starting 
and weld pulses. The techniques used to overcome these problems are discussed in the paper. The 
control room MMI has been designed to provide the operator with real time feedback of critical 
parameters such as weld current and voltage, tool position and speed and wire feed speed. All 
control commands normally available at the power pack are available at the control room 
workstation. In addition the gas and cooling water flows/pressures are monitored, displayed and 
software interlocked for safety. The MMI also provides TV monitors for tools with weld pool 
viewing incorporated. This paper describes the system and its development. Its performance under 
remote conditions is also assessed with full scale mock-up tests. 

1. INTRODUCTION 
During the tritium operation phase of the 

JET machine, high energy neutrons will activate 
the machine structure to an extent which 
inhibits man access to it. 

All maintenance, including welding tasks, 
will then be performed remotely. For this 
reason an integrated Remote Maintenance System 
(RMS) has been designed and it is under 
Implementation (1). 

The RMS comprises robotic arms and vehicles, 
servomanipulators, special end-effectors, and 
viewing systems. All above equipment are con
trolled and monitored from the Remote Handling 
Control Room (RHCR). 

The JET Welding System (JWS) is part of the 
RMS and was developed in order to provide 
remote welding inside and outside of the JET 
machine. 

2. OVERALL REMOTE WELDING SCENARIO 
The JWS functional requirements were as 

follows: 
- remote welding is required inside and 

outside the JET machine. 
- the welding tasks are completely 

predefined. 
- the JWS should have a local operating mode 

for the "hands-on" period of JET maintenance 
and welding program development. 
In order to fulfil the above requirements 

the following design principles were adopted. 
- A number of special automatic welding tools 

were developed according to the predefined 
welding tasks (2). 

- A standard welding source and auxiliary 
equipment were modified in order to drive 
all welding tools remotely. One welding 
source is used for in-vessel welding and an 
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identical one for ex-vonrwl welding. 
The general pattern transporter, end-
effector, tool was followed. Thus as it is 
shown in Fig. 1, the welding tools will be 
handled by servomanipulators mounted on the 
two main remote handling transporters, the 
articulated boom for in-vessel maintenance 
and the TARM for ex-vessel maintenance. All 
welding tools are stored in a tool box which 
is part of the transporter within the servo-
manipulator reach. Each welding tool has a 
short flying lead containing all necessary 
weld tool services (weld current, instrument 
control and monitoring signals, video 
signals, gas, water, etc). To use a welding 
tool it is retrieved from the tool box by the 
servomanipulator and plugged into a standard 
RH connector on the forehead of the 
manipulator. All required wires and service 
pipes are routed from this connector through 
the transporter structure to the appropriate 

welding source or nuxlllnry equipment. which 
are situated at least 50 m away in a shielded 
area. 

- All welding sources and their auxiliary 
equipment are integrated into the RMS so 
that control and monitoring of welding is 
done via any RHWS. 

3. THE JET WELDING SYSTEM 
The JWS consists of all automatic welding 

tools, two welding sources (WS) and their 
auxiliary equipment. These include, gas 
distribution system, chillers, hydraulic 
systems and TV viewing. 

The welding source is a standard programmable 
TIG welding source which was modified in order 
to fulfil the JET remote welding requirements. 

The main modifications were as follows: 
- a serial link (RS232) and communication 

software was provided for interfacing to the 
RMS. 

SERIAL 
DATA LINK 
TO REMOTE 
CONTROL 
ROOM 

WELDING 
SOURCE/TOOL 
CONTROL SOURCE F i g · 1 O v e r a l l Scheme of Remote Handling Equipment 
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- rpfTüte control and monitoring of the 
auxiliary equipment was provided. 

- software was developed in order to provide a 
user friendly Man-Machine Interface (MMI) on 
any RHWS. 
The WS used was chosen because it provided 

reliable high frequency (50 KHz to 2 MHz) arc 
start over the long cable which exists between 
the WS and the welding tool. 

3.1. Overview of welding source local 
operation 

The welding source is a microcomputer-based 
(Intel 8O85) welding source which is controlled 
locally via a standard control panel. 

There are five operating modes as follows: 
- STANDBY: this mode is entered on power-up. 
- PROGRAMMING: this is the main operating mode 

which allows editing, transfer, loading and 
storing of welding programs. 

- WELDING: during this mode execution of the 
required welding program occurs. In addition 
editing of the welding program could be 
achieved during the actual welding. 

- WELDING SIMULATION: this mode is exactly the 
same as the welding mode, except that the 
welding current is switched off. 

- MANUAL: during this mode, the electrode 
position and shielding gases could be 
controlled manually. 
All auxiliary equipment (shielding gases etc) 

are controlled manually. 
3.2. Welding source remote operation 
For remote operation development work was 

done in two main areas: 
- remote control of auxiliary equipment 

including TV viewing. 
- integration into the RMS, including the 

development of a new MMI. 
The welding source auxiliary equipment 
comprises, the gas distribution system for air 
and shielding gases, chiller, hydraulic system 
and TV viewing which is part of the Remote 
Handling CCTV system (1). Motorised control 

valves and transducers were fitted ani 
interfaced Into the KMS either directly through 
the welding source or indirectly through a CAMAC 
interface (Fig. 2). This is because some 
auxiliary equipment could be shared with the 
cutting tools. Thus the WS input/output ports 
were increased and new CAMAC interfaces were 
designed. 

Fig. 2 The JET Welding System 

Special attention was given in providing 
filtering for the new ports because of the 
strong electro-magnetic interference which is 
produced during H.F arc start. Also a robot 
deactivation output was provided for switching 
off all transporter actuators during the arc 
start period. 

Because of the use of prototype welding tools 
and their remote requirements, some changes and 
additions in the welding source servoloops were 
necessary. 

For example, the JET lip welding trolley, 
required a resolver feedback instead of the 
tacho feedback which is used by the other tools. 
Also it required the control of a clamp within 
the welding program for providing a spot welding 
sequence before the continuous weld. 
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In addition to hardware changes, software 
changes were made in order to accommodate the 
afore mentioned additional functions and also to 
provide safety interlocks. 

The second main area of development work was 
the integration of the welding sources into the 
RMS (1). The RMS consists of the Remote 
Handling Control Room (RHCR) and its work
stations (RHWS), the local controllers of the 
various RH equipment and the interconnecting 
local area networks. 

It was required to integrate the two welding 
sources in such a way as to allow control and 
monitoring from any RHWS, including the 
additional TV cameras for weld pool viewing. 

Graphical displays of all main welding 
parameters is used for welding process monitor
ing and control under remote operation instead 
of the direct weld pool viewing which is used in 
the local mode operation. However, TV feedback 
is also provided as a complementary aid. 

Because the graphical displays are the main 
monitoring and, their real-time operation must 
be guaranteed. Thus 1 sec minimum display time 
update rate was specified. The same delay was 
specified for the response to operator inputs. 
This is because the operator can perform welding 
parameter adjustment while welding to optimise 
the welding quality. 

The above response times were achieved by 
using a dedicated serial serial link (RS232) 
between the WS and the controlling RHWS. A unit 
selector allows for automatic switching of the 
serial links between RH workstations and the two 
WS. For less time critical functions the CAMAC 
serial highway and Ethernet LAN were used. 

The CAMAC was used for controlling some 
auxiliary units and the Ethernet for the TV 
camera switching. 

The serial links are implemented on optical 
fibre because of the long distances involved and 
to avoid the effects of electromagnetic 
interference which is produced by the WS. 

Communication software wan developed In order 
to receive/send commands and data from/to RHWS. 

The last area of development in the JWS 
integration was the design of a new MMI. This 
MMI was based on the standard JET RHWS hardware 
(Fig. 3). 

The RHWS (1) was designed at JET and is a 
general purpose workstation allowing the control 
of any RH equipment. 

Fig. 3 Remote Handling Workstation (RHWS) 

The RHWS is a software configurable work
station, and the software guides the operator 
through touch panel menus. 

The new MMI was designed to fulfil the 
following requirements. 
- The RHWS operation should, as much as 

possible, resemble the operation and 
functions of the standard welding source 
local control panel. Thus operator training 
will be minimised. 

- The RHWS should provide additional remote 
functions as follows: 
- graphic displays of main weld parameters 

in real time (1 sec). These are the weld 
current, voltage, travel speed and wire 
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feed. Simultaneous display of programmed 
and measured values with automatic alarm 
initiation when value out of range during 
welding (Fig. 3). 

- display of TV pictures of the weld pool 
and general welding environment. 

- storage of weld programs In remote 
computer. 

- user friendly operation with the use of 
touch panel menus and diagnostic 
messages. 

Both in-vessel and ex-vessel welding sources 
are identical and are integrated into the RMS as 
described above resulting in a fully remote 
welding system for the JET machine. 

H. WELDING SYSTEM PERFORMANCE EVALUATION 
An extensive program of mock-up tests was 

performed to prove the reliable operation of the 
welding source under a variety of operating 
conditions. 

For this purpose different welding tools were 
connected through the RH welding umbilical 
through which all the required tool services are 
routed, Fig. t. The welding source was 
connected to the RHWS through a serial optical 
link. 

Each function was tested successfully with 
all available tools. 

It was demonstrated that the (1 sec) response 
time of the new MMI (Fig. 3) was adequate for 
the production of high quality TIG welds. It 
was possible also to create a remote library of 
welding programs which could be downloaded to WS 
for use. 

The error messages were found useful for 
identification of any problem since this is 
particularly difficult under remote conditions. 

Adjustment of welding parameters during 
welding was achieved successfully. However as 
an operating procedure this must be avoided, 
since in case of a wrong adjustment it might 
lead to situations from which it is difficult to 

recover under remote conditions. 

Fig. H Welding tool in position 

6. CONCLUSIONS 
In this paper the design and integration of 

the JET Remote Welding System (JWS) has been 
described. 

A proven welding source was used as a basic 
building block. It was then modified for remote 
operation. 

A series of prototype welding tools were 
designed and interfaced with the welding source. 
The welding source and its auxiliary equipment 
were integrated into the RMS thus allowing for 
remote welding inside and outside the JET 
machine. 

The performance of the JWS has been tested 
through mock-up tests. 
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32 MW ICRH PLANT OPERATION EXPERIENCE ON JET 

G BOSIA, M SCHMID, J Farthing, S Knowlton, A Sibley, Τ Wade, E Negro 

JET Joint Undertaking, Abingdon, Oxfordshire, ΟΧ1Ί 3EA, England 

The present status of the JET ICRF power plant, and some recent additions are described, with 
particular emphasis on new phase and frequency regulation systems. Aspects of the computer 
control are mentioned and some of the best results regarding RF generator output power are given. 

1 . INTRODUCTION 
The JET ICRF system has been presented 

before [l] and [2]. The upgrade described in 
[2] has been completed on 6 ICRF units, which 
now have a nominal output power of H MW each. 
These units are equipped with 2 Thomson TH525 
tetrodes, while the remaining 2 units, capable 
of 3 MW, are equipped with Eimac 8973 tubes. 
At present the nominal output power capability 
of the entire plant is therefore 30 MW, for 20 
seconds pulses every 10 minutes, over a fre
quency range of 23 to 57 MHz (8 channels). 

Each unit delivers its power to a single 
antenna through 2 outputs (see Figure 1), which 
are therefore strongly coupled to each other. 
Phasing between the 2 outputs for monopole or 
di pole mode on an antenna has been controlled 
by electronic means and a new phase regulation 
system enabling global phase control between 
antennas has been introduced (see para 5) for 
ICRF current drive experiments. 

The increased complexity of the Plant opera
tion has emphasised the requirement for a real 
time, automatic impedance matching system. 
Also, the automatic readjustment of the match 
conditions is often needed during the RF pulse, 
in order to follow antenna impedance variations 
caused by RF heating. 

The problem of controlling and matching 8 
generators has been tackled with automatic 
hardware controls and with database oriented 
control software. 

2. REMOTE PLANT CONTROL AND COMPUTER ASSISTED 
MATCHING 
The following elements directly influence 

matching of each generator to its antenna: 
 Frequency Channel and Frequency 
 Phase (up/down/global) and Power Balance 
 Stubtuner (up/down) 
 Trombone Phase Shifter (up/down) 
 Prematching Stub (up/down), if fitted 

Each frequency change involves adjusting 
these 12 parameters for every generator. In 
additon, changing the frequency channel auto
matically adjusts 21) generator internal tuning 
elements. 

\ Additional heating area Basemen! 1 Torus 

Frequency 
Phase up/dn 
Global 0 
I  sweep 
A  modulation 
à  modulation 
Channel (18) 
Balance 

FIGURE 1 
ICRF Unit and Matching Elements 

The ICRF plant operation into a plasma is 
always controlled remotely, via CODAS (JET 
Control and Data Acquisition System), from the 
Central Machine Control Room, where one Ter
minal and 2 Graphic Consoles (for mimic dia
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grams) equipped with Touch Panel Controls are 
dedicated to ICRF heating. 

Two RF operators control the plant. The 
Interaction between them, the plant and some 
software modules Is indicated in Figure 2. 

Each ICRF Unit can be selected for LOCAL or 
REMOTE operation (handshake required), IN or 
OUT of PLANT operation and IN or OUT of GAP 
(General Acquisition Program). The JET Pulse 
Control Program will only interact with units 
which are selected "IN GAP", and ignore the 
others, even if they are in REMOTE. 

The operator can direct commands to be sent 
to individual units only or to all units which 
are selected for "PLANT". 

3. SOFTWARE TOOLS 
Increasingly powerful software was devel

oped, in order to cope with the operational 
need of the JET experiment to change quickly 
from one frequency to another. Refer to Figure 
2 for the following definitions of software 
modules. 

FIGURE 2 
ICRF Plant Remote and Semiautomatic Operation 

PPSET (Level 1 Pulse Schedule Editor), can 
perform the following functions, for individual 
generators or for the entire PLANT: 

- store the present ICRF unit matching 
element settings in the MATCHING DATABASE, 

under a given pulse-name 
- download settings from the MATCHING 
DATABASE to the ICRF unit matching 
elements 

- re-adjust the ICRF unit timing system with 
reference to the JET pulse timing, auto
matically also adjusting the FAST DATA 
ACQUISITION timing (length and sampling 
rate) to the power waveform selected. 

- edit the MATCHING DATABASE 
The matching database contains the data for 

various plasma conditions and heating scen
arios. It also contains some 18 vacuum 
matches, which were obtained in local, short 
pulse operation and which are used as starting 
values for plasma operation on previously 
unexplored frequencies. 

RFMON is the program which permits the RF 
operator to manually match the antennas to the 
generators, by analysing raw data and functions 
of the raw data (ie coupled power, reflection 
coefficient etc) from the JET Pulse File (JPF)v 
Functions are calculated by a program module 
called FETCH and some important ones are auto
matically logged and printed. 

RF AUTO is a program module which performs 
automatic matching; it calculates, from a pre
vious pulse with a frequency sweep, the optimum 
matching frequency, trombone and stub settings. 
Consistency checks are made which abort any 
automatic action on a particular RF unit if the 
results are Inconclusive, and operator inter
vention is asked for. The program is being 
tested at present and it is hoped that it will 
free the operator from routine matching changes 
and enable him to concentrate on difficult 
cases, where computer interpretation of the 
data fails. 

3.1. RF pulsing under JET control 
The JET machine operator initiates a JET 

pulse. The waveforms, selected from a 
database, are downloaded to the RF generators 
by GAP (General Acquisition Program), as are 
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the various timer settings. Later on during 
the JET pulse, a sequence of timing signals 
triggers various sequence controls, waveform 
generators and data acquisition modules. The 
RF data are stored locally and collected after 
the pulse by FETCH, which archives them in the 
JET Pulse File (JPF). 

All the alarm signals are monitored and can 
be displayed at the console in real time. 

It can be shown that: 

JU+e) 
cos Θ jA

e
l (2) 

where ρ is the modulus of the load reflection 
coefficient; φ = φ,  2 ßl is the phase of the 
reflection measured at the stub junction: 

Θ = tg1 Oi tg ßlg)  π/2  2 ßlg; 

1. AUTOMATIC VSWR CONTROL 
The matching technique used in JET is des

cribed in [3]. Automatic VSWR control devices 
[t] have been operated on the Plant in the 
past. 

A conceptually new system has been implemen
ted and operated in 1988, with good performan
ces, in a wide range of operating conditions. 
The principle of operation of the device is 
described in [5], and the relevant results are 
summarised here. 

Use is made of the properties of the vector
ial quantity: 

(1 ) 

β = (2 i f / o ) and 1 and 1 are the s t u b 
s 

length and l i ne length (Figure 3) respec t ive ly . 

The (measured) r e a l and imaginary parts of σ 

are plot ted in Figure 4 (curves a and b) 

together with the modulus of the r e f l ec t ion 

coeff ic ient at the generator output (curve c ) . 
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where b1 and b2 are the 2 waves reflected at 
the stub junction (Figure 3). The modulus and 
phase of both waves can be measured by means of 
directional couplers located at each side of 
the stub base. 

FIGURE 3 
Symbol Definitions 

FIGURE Η 
Error Signals for Matching Control 

The perfect match conditions are of course 
Re(o) = 0 and Imjo} = 0. The perfect match can 
be reached from any initial condition, by 
imposing first: 

Re
f°}

 = {
Έ^~Θ

) 00!3(φ + Θ) = ° (3) 

by means of a feedback loop act ing on the 

operating frequency (or Φ). Φ varies rapidly 

with f, since the stub i s placed far from the 

antenna. 

The q u a n t i t y Re(o) c o n s t i t u t e s an i dea l 

feedback s igna l , as i t symmetrically crosses 

zero at the frequency of minimum re f lec t ion 
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(F igu re Ό for any s t u b l e n g t h . 
When (3) i s t r u e , the p e r f e c t match condi

t i o n reduces t o : 

 sin 0 (Ό 

translation to produce, from the input RF refe
rence (fc) and with the help of a PhaseLock
Loop, locked to an IF Phase Reference (fi), an 
output frequency (f . = f + f, ) which can be 
phase modulated. 

which can be fulfilled by an automatic loop 
acting on the stub length (or Θ). Only the 
frequency loop is operated in real time, as the 
stubs can be moved only at a relatively low 
speed (5 mm/s). 

Figure 5 shows how the servo can reduce the 
load VSWR from S > 10 to S < 1.5, in 2 consecu
tive plasma shots and otherwise identical 
conditions. 

RF REF °
Frequency 
converter 

IF REF »——(Δψ 

Phase REF 
Λφ ° ■ 

t ± f , 

Filter 

• out 
(Αφ) 

Forward power 
Reflected 
power 

2 

J 
rf ' 
OJ 

.» 
0 

<|| Forward power 

m Rellecled power \ 

50 52 (s) 

52 (s) 48 
10' 

FIGURE 5 
Reduction of VSWR by Automatic Control 

In Figure 5a (automatic matching off), the 
generators are prevented from reaching full 
power by a protective power trip, due to exces
sive reflected power. In Figure 5b (automatic 
matching on), the reflected power is reduced 
and kept low throughout the pulse, despite 
strong coupling between the 2 antenna halves. 

5. INTEGRATED PHASE CONTROL SYSTEM 
The ICRH Plant Phase Control System has been 

redeslgned to provide Independent phase regu
lation to each of the 16 RFplant outputs. 

The adopted control technique [6] is shown 
in Figure 6. It employs coherent frequency 

FIGURE 6 
Block diagram of one 360° phase shift cell 

The phase control cell shown in Figure 6 
allows a compact construction. It features a 
very wide phase dynamic range, (> 360°) and a 
phase control accuracy independent of the 
operating RF frequency, since the phase control 
is performed at the IF frequency (fi 
125 kHz). Precision, linear phase detection is 
used by means of digital techniques. 

In a JET RF unit, 2 complementary frequency 
translations are performed by locking 2 cells 
to the same RF and IF references and by connec
ting them in series, as shown in Figure 7. The 
output frequency is then the same as the one of 
the phase reference. 

Phase 
REF 
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Global 
phase 
conlrol icf, 

/ 

/ 
/ 

80°+ 180° 

Phase 
control 

180°+ 18 
/- ^ 

Phase 
control 

\ 

0° 

\ 
\ 

V 
V 

y 
FIGURE 7 

Layout of phase control on one RF unit 
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The system in Figure 7 allows independent 
phasing of each antenna (2 transmitters) as 
well as independent phasing of each antenna 
element. All phases can be unambiguously 
adjusted over 360 degree with an accuracy of 
better than 1 %. 

Some current drive scenarios require a dif
ferential phase modulation between antennae. 
In Figure 8, the response of one of the loops 
to a 360° step modulation is shown. The 
settling time (to 5 %) is 250 ps. 

+180° — 

180° 

v 

w/n 

5V 
υ 

1 

1 

i ι 
D

0 Volts 
b) 

FIGURE 8 
Dynamic r e s p o n s e of a phase c o n t r o l c e l l 

(curve b) t o a 360° s t e p e x c i t a t i o n (curve a) 

When t h e RF power i s t u rned off , each 

c o n t r o l c e l l swi t ches a u t o m a t i c a l l y t o an 

a u x i l i a r y PhaseLockLoop, which memorises the 

ou tpu t phase before t h e t r a n s i t i o n and main

t a i n s i t u n t i l t he power i s r e  a p p l i e d . This 

preven t s l o s s e s of lock and /o r l ong a c q u i s i t i o n 

t imes when t h e RF power i s r a p i d l y onoff modu

l a t e d , for example by p r o t e c t i v e a c t i o n s . 

6. BEST RESULTS ACHIEVED ON PLASMA AND TESTLOAD 

The maximum v o l t a g e on t r a n s m i s s i o n l i n e s 

and an tennas which i s r o u t i n e l y achieved i s 

a p p r o x i m a t e l y 32 kV. With w a t e r c o o l e d 

a n t e n n a  s c r e e n s 20 second pu l se s a t 6 MW t o t a l 

coupled power have been performed. 

The h i g h e s t power coupled t o a plasma so f a r 

i s 17 MW (2 second f l a t  t o p ) , which cor responds 

t o 18.8 MW t o t a l g e n e r a t o r power ( p u l s e 13544, 

with uncooled a n t e n n a  s c r e e n s ) . The power i s 

u s u a l l y l i m i t e d by the r e f l e c t e d power ( load 

f l u c t u a t i o n s ) , t h e l i n e v o l t a g e or some not yet 

f u l l y unders tood problems i n the s t a b i l i t y of 

t he v a r i o u s feedback l oops of the g e n e r a t o r s . 

On t e s t l o a d ( i e s t a b l e load c o n d i t i o n s ) t he 

f u l l nominal c a p a b i l i t y of the system can be 

achieved f a i r l y e a s i l y and pu l se s i n excess of 

28 MW have been performed with pu l se l e n g t h s up 

t o 20 s e c o n d s . 
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EXHAUST DETRITIATION SYSTEM POR JET 

A H DOMBRA, M E P WYKES, J L HEMMERICH, R HAANGE, A C BELL 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X11 3EA, England 

If the torus or other tritium containment is breached for maintenance or accidentally, the Exhaust 
Detritiation System (EDS) prevents the escape of tritium to the Torus Hall, and elsewhere, by 
maintaining the breached system at slightly subatmospheric pressure. The exhaust gas from the 
breached system is detritiated and discharged through the stack. The system includes catalytic 
recombiners for the oxidation of tritiated compounds, and molecular sieve driers for the recovery 
of water vapour. Provision for internal recirculation of the gas allows a fast startup of torus 
detritiation operations (within two minutes) and processing of feed gas at a variable rate. An 
isotopie swamping technique is used, as required, to displace HTO from molecular sieve during the 
drier regeneration cycle. All major operations are controlled by a programmable control system. 

1. INTRODUCTION 
The EDS concept of preventing the escape of 

tritium from the primary containment presents 
several advantages over the conventional air 
detritiation method: the volume of JET Torus 
Hall is 28000m', for which the detritiation 
system would be ten times larger, increasing the 
water collection rate. In addition, the Torus 
Hall would be contaminated with tritium. 

The EDS concept, however, must meet high 
reliability and fast startup requirements: the 
probability of sequence failure for the maximum 
credible release of tritium from a breached 
torus (Table 1) is designed to be less than 
10"'*. The minimum EDS detritiation factor is 
1000, and normally 5000. 

Commissioning of the EDS is scheduled to 
start by mid 1990. The selected EDS supplier is 
Neue Technologien GmbH (NTG) in Gelnhausen, 
Germany. 
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FIGURE 1 
Main Exhaust Detritiation Routes 

2. EXHAUST DETRITIATION ROUTES 
As shown in Figure 1, the EDS provides a 

suction pressure of 2kPa to draw an exhaust 
flow, up to 500m1/h, from the torus and other 
tritium systems'. At a lower gassource 
pressure, the exhaust may be delivered to the 
EDS by the Mechanical Forevacuum System. 

2.1 Maintenance torus exhaust detritiation 
During the torus maintenance periods, the EDS 

will maintain an air velocity of approximately 
1m/s in the maintenance openings to prevent the 
escape of tritium and radioactive particulate. 
The concentration of tritium in the torus 
exhaust is estimated to average 1 GBq/m', and 
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higher if maintenance is forced without a prior 
glow discharge cleaning. 

3. AN ANALYSIS OF TORUS VACUUM BREACH 
Estimates for the worst-case air inleakage 

incident2, summarised in Table 1, postulate that 
the following are credible events: 
1) instantaneous shattering of a 100 mm -

diameter vacuum window assembly, causing a 
choked-flow influx of air until torus and 
ambient pressures equalize. 

2) rapid defrosting of cryopanels connected to 
the torus at full tritium load; the air 
cooling effect of the panels is neglected. 
A fraction of air in the torus effluxes 

through the breach as it starts to expand due to 
heating by the First Wall. 

TABLE 1 
Estimates for worst-case torus air inleakage 
First Wall Conditions 
Temperature = constant 573K 
Heat transfer area = 220m2 
Heat transfer coefficient = 5Wm~2K_1 

Conditions at End of Air Influx 
Air influx time = 125s 
Air temperature = 495K 
Mass of air in torus = 197kg 
Fraction of hydrogen in air = 1 .5% 
Airborne tritium in torus = 30gT 
Fraction of tritium in methane = 4% 
Conditions During Air Efflux 
Maximum efflux rate = H87m3/h (STP) 
Fraction of air expelled = 13.6? 
Quantity of tritium expelled = 4.1 gT 

Analysis of the postulated events2 is based 
on closed solutions of the differential 
equations representing the First Law of 
Thermodynamics applied to ingress of air into an 
idealized evacuated chamber. The thermodynamic 
processes associated with the ingress of air are 
illustrated in Fig. 2 for the limiting case of 
no heat transfer from the First Wall: 
Step 1-2, represents an isentropic expansion 
from ambient to choked flow conditions, 
Step 2-3, subsequent free expansion to vessel 

pressure, and 
Step 3-4, compression to the final atmospheric 
pressure by subsequent influx of air. 
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FIGURE 2 
Temperature/Entropy diagram for ingress of air 
into an evacuated vessel 

The analysis shows that the lowest air 
temperature at the end of the influx period 
(with no heat transfer from the First Wall) is 
given by the product of ambient air temperature 
and the isentropic index (Y = 1.4). The heat 
transfer from the First Wall increases air 
temperature above this value. 

Table 1 sets two major EDS parameters: 
Start up time of operation = 2min 
EDS air flow = 500m3/h. 

4. RECOMBINER UNIT 
As shown in Fig. 3, the gas entering the EDS 

flows through the following components of the 
recombiner unit before it enters the driers: 
1) a chilled water cooler for control of maximum 

humidity: this cooler reduces the gas 
temperature to 6°C and condenses excess 
moisture. 

2) a plate-fin heat exchanger which increases 
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the gas temperature to 450°C, in two steps. 
3) an in-line heater to increase the temperature 

to the final 500°C. Normal power consumption 
is 10kW, maximum 45kW. 

4 ) the first recombiner for the oxidation of 
hydrogen at 150°C to prevent ignition and 
permeation of tritium at subsequent gas 
temperature of 500°C. 

5) the second recombiner to oxidize methane and 
the remaining traces of hydrogen at 500°C. 

6) a humidifier/cooler for control of minimum 
humidity: this unit increases gas humidity to 
a dew point of -21 °C to maintain the 
detritiation factor above 1000 if the inlet 
gas is very dry. 

TABLE 2 
Main recombiner parameters 

Unit 1 Unit 2 

FIGURE 3 
Main components of EDS recombiner unit 

H.1 Gas recirculation feature 
The flow through the recombiner and one of 

the drier units is always nearly constant 
SOOm'/h, facilitating temperature control. As 
gas feeds from various sources are generally 

Operating temperature 
Catalyst 
Catalyst bed - volume 

- depth 
- diameter 

Normal pressure drop 
Sp. heat capacity 
Oxidation factor 

150°C 
Pt-Pd/A102 
80L 
0.2m 
0.7m 
200Pa 
H00kJ/°C 

500 °C 
Pd/A10a 
120L 
0.2m 
0.87m 
550Pa 
600kJ/°C 

Approximately 10e for 
hydrogen, 5000 for 
methane 

small, most of the drier flow is recirculated 
internally. The drier inlet dew point is -21°C, 
controlled by the humidifier, and the adsorption 
cycle time is i 16 hours. This long cycle meets 
the two-fold requirements of maintaining the 
system in a ready-to-start state for torus 
operations, and processing waste gas from 
various sources. In addition, the detritiation 
factor for the feed gas is increased by the 
ratio of recirculation to feed gas rates. 

5. MOLECULAR SIEVE DRIERS 
Figure 1 is a simplified diagram of the drier 

system. All three drier columns are identical. 
As each column operates independently, one 
column is on standby for reliability, instead of 
duplicating blowers or heaters which Increases 
complexity1. 

5.1 Operating features 
1) A change of the operating state is initiated 

by opening and closing interlocked valves. 
To rotate a drier column from adsorption to 
regeneration, the heater circuit valve is 
opened and the two outer isolation valves are 
closed, as shown in Figure t. The closure of 
heater contacts starts the heating cycle, and 
lifting of the contacts starts the cooling 
cycle. The blower is running continuously 
during all operations. 

2) to eliminate flow control valves, the EDS 
flow rates are preset with appropriate flow 
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orifices in the main recirculation, drier 
heater and blower recirculation lines. The 
selected blower is essentially a constant 
volume unit when operated at constant speed. 

3) The building exhaust fans maintain a 
subatmospheric pressure of 0.3kPa at the EDS 
outlet to prevent the escape of tritium to 
the containment building. 

TRITI«TED G«S 

FIGURE 4 
Molecular sieve drier system 

TABLE 3 
Main drier parameters 
Weight of molecular sieve type 5A = 350kg 
Bed height = 1.2m, diameter = 0.8m 
Superficial adsorption velocity = 0.3m/s 
Humidity reduction factor: 

at inlet dew point 6°C = 8000 
at inlet dew point -21°C = 1000 

6. PROCESS CONTROL 
All major EDS operations will be controlled 

by Siemens S5-135U Programmable Logic Control
ler (PLC). This PLC will interface with a 
central system for coordination of all tritium 

reprocessing operations, and to an existing 
higher level computer system (JET CODAS). Some 
supporting operations will be performed manually 
via the PLC operators console, or locally. 
Interlocks and trips provide mainly an 
independent protection against overheating or 
overpressure, and will be hardwired. 

6.1 Auto rotation of drier columns 
This is a high priority requirement for long-

term operations: it assists to regenerate driers 
consistantly at programmed conditions, increase 
the adsorption capacity, and reduce operator 
errors. 

The desired parameter for the termination of 
the adsorption cycle is water loading on the bed 
to about 80? of breakthrough capacity. This 
control parameter, however, depends on reliable 
dew point measurements which tend to present 
difficulties at field conditions. For this 
reason, the flow chart in Figure 5 calls for 
operator decision for the termination of the 
cycle before breakthrough, following review of 
other pertinent data. 

Detection of breakthrough by the rate of 
change of outlet humidity3 initiates an automa
tic termination of the cycle as shown in 
Figure 5. The controlling parameter for the 
termination of heating and cooling cycles is 
drier outlet temperature. 

7. ISOTOPIC SWAMPING FEATURE 
The current designs for air detritiation 

generally replace molecular sieve with a fresh 
charge following exposure to a high concentra
tion of tritium. This method would present 
difficulties at JET as the EDS processes feed 
from various sources at different concentra
tions, and would require a frequent bed 
replacement. 

The selected method for the EDS uses an 
isotopie swamping technique to displace HTO from 
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molecular sieve with H20 vapour. This technique 
was successfully demonstrated on i ndus t r i a l 
sca le" and showed good agreement with the propo

sed model' for displacement of t r i t ium by the 
i so topie exchange process . Estimates for the 
EDS based on t h i s model show optimum conditions 
for the addit ion of water vapour t o the 
regenerat ion l i ne (point E in Figure Ί) at a 
r a t e of 33kg/h, following regenerat ion of the 
bed to 290°C. The addi t ion of 80kg of water 
vapour for 2.5 hours i s estimated to reduce the 
concentration of t r i t i um in the res idual water 
by a factor of 170. 

ADSORPTION CYCLE 

CALCULATE ADSORPTION RATE 
INTEGRATE WATER LOAD I NO 

CALCULATE RATE OF CHANGE OF OUTLET HUMIDITY 

OPERATOR 
OECISION 

UAIT 5 MIN FOR 
OPERATOR OECISION 

l·' TERMINATE 
ADSORPTION 

CYCLE 

τ 
FIGURE 5 

Simplified sequence for termination of drier 
adsorption cycle. 

8. FUTURE PROSPECTS 
Potential advantages of the EDS design 

concept, if experience is satisfactory, are as 
follows: 
Concept Potential Advantages 
1. EDS versus building  prevent tritium escape 

air detritiation 

Multifeed gas 
processing 
Two recombiners i n 

series 

and contamination of 
building. 

 single system. 

 permeation and ignition 
control. 

Presetting of flow  eliminate flow 
rates 

5. Hot recirculation 
6. Subatmospheric 

EDS pressure 
7. Detritiation of MS 

with H20 vapour 
8. In situ isotopie 

controllers. 
 fast start up. 
 leakage control. 

 eliminate disposal 
of contaminated MS. 

 higher detritiation 
swamping as required f ac to r . 
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DESIGN OF JET LOWER HYBRID CURRENT DRIVE GENERATOR AND OPERATION OF HIGH POWER TEST BED 

J A Dobb ing , G B o s i a , M Brandon , M Gammelin, C Gormezano, J J a c q u i n o t , G J e s s o p , M Lennholm, 
M P a i n , A S i b l e y , Τ Wade 

JET J o i n t U n d e r t a k i n g , Abingdon, O x f o r d s h i r e , 0X14 3EA, England 

The JET Lower H y b r i d C u r r e n t D r i v e (LHCD) g e n e r a t o r c o n s i s t s of 24 k l y s t r o n s each r a t e d f o r 650 KW 
o p e r a t i n g a t 3.7 GHz, g i v i n g a nominal g e n e r a t o r power of 15 .6 MW f o r 10 s e c o n d s or 12 MW f o r 20 
s e c o n d s . T h i s power w i l l be t r a n s m i t t e d t h r o u g h 24 wavegu ides t o a phased a r r a y l a u n c h e r on one 
of t h e main p o r t s of t h e JET m a c h i n e . 

I n a d d i t i o n , two k l y s t r o n s a r e c u r r e n t l y b e i n g o p e r a t e d on a h i g h power t e s t bed t o e s t a b l i s h 
r e l i a b l e o p e r a t i o n of t h e g e n e r a t o r s components and t e s t h i g h power microwave components p r i o r t o 
t h e i r i n s t a l l a t i o n . 

k l y s t r o n s . The r e c t i f i e d h igh v o l t a g e i s 

1 INTRODUCTION t r a n s m i t t e d on a c o  a x i a l c a b l e t e r m i n a t e d i n a 

The JET k l y s t r o n g e n e r a t o r w i l l f eed a R C m a t c h i n g ne twork and i g n i t r ó n p r o t e c t i o n 

phased a r r a y of 384 w a v e g u i d e s 1 w i t h 10  12 MW c r o w b a r . 

a t 3.7 GHz. T h i s f r e q u e n c y i s c l o s e t o t h e 

Lower H y b r i d r e s o n a n t f r e q u e n c y of t h e p l a s m a . 

The power w i l l be phased i n such a way a s t o 

d r i v e 1  2 . 5 MA of c u r r e n t i n t h e p l a s m a . 

T h i s n o n  i n d u c t i v e l y d r i v e n c u r r e n t i s e x p e c t e d 

t o broaden t h e plasma c u r r e n t p r o f i l e and 

improve t h e e n e r g y conf inemen t of t h e JET 

m a c h i n e . 

2 . SYSTEM DESIGN 

The 24 k l y s t r o n s which make up t h e g e n e r a t o r 

a r e s p l i t i n t o m o d u l e s . Each module c o n s i s t s 

of 4 k l y s t r o n s which a r e f ed from a common High 

V o l t a g e Power Supp ly (HVPS) and c o o l e d by a 

common d e m i n e r a l i s e d w a t e r sys t em which t r a n s f 

e r s t h e h e a t t o t h e JET s i t e w a t e r n e t w o r k . 

Each module has i t s own p r o t e c t i o n and c o n t r o l 

sys tem which a l l o w s t h e k l y s t r o n s t o be o p e r a 

t e d l o c a l l y ; i n d e p e n d e n t l y of t h e JET m a c h i n e . 

I n t h i s mode t h e k l y s t r o n s a r e c o n n e c t e d t o 

t e s t l o a d s v i a waveguide s w i t c h e s . 

The major components of a k l y s t r o n module 

a r e shown i n F i g u r e 1. The HVPS i s s i t u a t e d 

o u t  o f  d o o r s a p p r o x i m a t e l y 200 m from t h e 

FIGURE 1 

Module of 4 K l y s t r o n s Feed from Common HVPS 

The f o u r k l y s t r o n s a r e mounted i n o i l t a n k s 

which a l s o house f a u l t l i m i t i n g r e s i s t o r s , 

f i l a m e n t i s o l a t i o n t r a n s f o r m e r s and t e t r o d e s t o 

r e g u l a t e t h e m o d u l a t i n g anode v o l t a g e s . These 

t e t r o d e s a r e o p e r a t e d t h r o u g h h i g h f r e q u e n c y 

i s o l a t i o n t r a n s f o r m e r s ; t h e o u t p u t s of which 

a r e r e c t i f i e d . T h i s a l l o w s a l l t h e c o n t r o l 

e l e c t r o n i c s t o be o u t s i d e t h e o i l t ank and a t 

ground p o t e n t i a l . Each k l y s t r o n a l s o has i n d i 

v i d u a l f i l a m e n t , magnet and i o n pump power 

s u p p l i e s t o o p e r a t e i t , a s wel l as an RF d r i v e 
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amplif ier and low power microwave system to 
provide amplitude and phase control of the RF. 
Each klystron i s protected aga ins t r e f l e c t ed 
power by a high power c i r c u l a t o r which i s 
s i t u a t e d between the klys t ron and a waveguide 
swi tch . This switch can be turned to a t e s t 
load or to del iver power to the launcher on the 
JET machine. 

Demineralised cooling water i s provided to 
cool each part of the k lys t ron , t e s t load, 
waveguide switch, c i r c u l a t o r and par t s of the 
waveguide. One cooling system i s provided for 
each module. 

A pro tec t ion and control system coordinates 
a l l these various elements and provides the 
i n t e r f ace to the JET machine control system, 
CODAS, as shown in Figure 2. 
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FIGURE 2 
JET LHCD Control and Monitoring 

Figure 3 shows the t iming diagram for a 
pulse . The HVPS i s f i r s t ramped to 65 kV over 

0.5 seconds. The e l ec t ron beam current i s then 
es t ab l i shed by ramping up the modulating anode 
voltage in 100 ms. 

The continuous power r a t i n g of the co l l ec to r 
i s l imi ted to 1.2 MW while the e lec t ron beam 
power associa ted with 650 kW i s 1.6 MW. The 
beam current i s therefore l imi ted to 18A when 
no RF i s being produced. RF output i s es t ab 

l i shed in two s t a g e s . F i r s t an i n i t i a l low 
power l eve l during which the e lec t ron beam i s 
brought to f u l l power, the RF phase i s locked 
and checks are made on the r e f l e c t ed power and 
RF amplitude control loop . Then the output i s 
allowed to r i s e expodent ia l ly t o i t s f ina l set 
value . This can be a preprogammed time depen

dent waveform. 
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FIGURE 3 
Timing Diagram for Klystron Power Supplies 

During the pulse a limiting circuit can 
operate to control the power reflected by the 
launcher. This circuit will reduce the output 
power of the klystron to maintain 56 kW reflec
ted power which is the maximum allowed by the 
circulator. When the collector power exceeds 
1.2 MW the collector power limit circuit is 
activated to reduce the electron beam current 
to 18A. The position of the launcher is con
trolled dynamically so that it can be adjusted 
to improve its matching to the plasma and hence 
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r e d u c e t h e r e f l e c t e d power . When t h i s happens 

t h e l i m i t i n g c i r c u i t s a l l o w t h e RF and beam 

power t o r e t u r n t o t h e i r s e t v a l u e s . 

A d d i t i o n a l p r o t e c t i o n c i r c u i t s w i l l d e t e c t 

a r c s i n t h e l a u n c h e r vacuum. When t h e s e a r e 

a c t i v a t e d t h e RF d r i v e i s i n t e r r u p t e d f o r a 

preprogrammed t i m e of 10  255 m s . The RF i s 

t h e n r e  a p p l i e d a s b e f o r e . Up t o 255 t r i p and 

r e  a p p i i c a t i on s e q u e n c e s a r e a l l o w e d i n one 

p u l s e . D u r i n g t h e t i m e t h a t RF i s removed t h e 

beam c u r r e n t i s a l s o r e d u c e d . 

At t h e end of t h e p u l s e t h e beam c u r r e n t i s 

r a p i d l y r e d u c e d t o 18A and t h e n ramped down 

s l o w l y over 500 ms t o m i n i m i s e sudden t r a n 

s i e n t s on t h e HVPS and a l s o t h e 33 kV a . c . 

d i s t r i b u t i o n n e t w o r k . 

3. SYSTEM COMPONENTS ■ 

3 . 1 . The K l y s t r o n 

The k l y s t r o n i s TH2103A p r o v i d e d by 

ThomsonCSF ( F r a n c e ) . I t was o r i g i n a l l y r a t e d 

a t 500 kW/20 s . However, a f t e r e x t e n s i v e t e s t 

i n g of seven t u b e s , t h e power r a t i n g was 

i n c r e a s e d t o 650 kW/10 s : t h e l i m i t i n g f a c t o r 

b e i n g i n t e r c e p t i o n of t h e e l e c t r o n beam a t t h e 

l i p s of t h e o u t p u t c a v i t y . This a d d i t i o n a l 

power r a t i n g i s a l s o a t t h e e x p e n s e of a r e 

duced o p e r a t i n g VSWR which n e c e s s i t a t e s t h e u s e 

of a c i r c u l a t o r t o p r o t e c t t h e k l y s t r o n . As 

a l r e a d y m e n t i o n e d , t h e c o l l e c t o r i s a l s o u n a b l e 

t o w i t h s t a n d t h e f u l l e l e c t r o n beam a t t h e 

h i g h e r power l e v e l r e q u i r i n g a d d i t i o n a l p r o t e c 

t i o n and c o n t r o l c i r c u i t s . 

Other per fo rmance p a r a m e t e r s a r e : 

O p e r a t i n g f r e q u e n c y 3 · 7 GHz 

1 dB bandwid th ±3 MHz 

E f f i c i e n c y 10% 

Gain 50 dB 

3 . 2 . High V o l t a g e Power Supp ly 

The High V o l t a g e Power Supp ly i s v o l t a g e 

s t a b i l i s e d by a . c . t h y r i s t o r c o n t r o l l e r s and 

f e e d s fou r k l y s t r o n s . This g i v e s a power 

r a t i n g of 8 MVA which i s c l o s e t o t h e l i m i t of 

what can be a c h i e v e d u s i n g c u r r e n t l y a v a i l a b l e 

t h y r i s t o r s w i t h o u t r e s o r t i n g t o p a r a l l e l 

t h y r i s t o r b r i d g e s . The main p a r a m e t e r s a r e : 

Maximum d . c . v o l t a g e  6 5 kV 

Maximum c u r r e n t 100A (25A pe r k l y s t r o n ) 

V o l t a g e s t a b i l i t y ± 1 ί ( ± 3 Ï a t t u r n on 

t r a n s i e n t ) 

3 . 3  HVPS C r o w b a r 2 

The HVPS crowbar i s formed by t h r e e i g n i 

t r o n s i n s e r i e s . The anodes of t h e i g n i t r o n s 

a r e h e a t e d by lamps w h i l e t h e c a t h o d e s a r e 

m a i n t a i n e d a t 15°C by a t e m p e r a t u r e c o n t r o l l e d 

w a t e r c i r c u i t . The crowbar and i t s t r i g g e r 

c i r c u i t i s d e s i g n e d t o l i m i t t h e e n e r g y i n a 

s p a r k i n t h e k l y s t r o n t o 30 J . 

The main p a r a m e t e r s of t h e crowbar a r e : 

V o l t a g e w i t h s t a n d t e s t 85 kV 

Peak c u r r e n t 3000A 

Turn on t i m e 13 ps 

3 . Ί . M o d u l a t i n g Anode 

The m o d u l a t i n g anode v o l t a g e of t h e k l y s t r o n 

i s c o n t r o l l e d by a t e t r o d e . T h i s i s o p e r a t e d 

t h r o u g h h igh f r e q u e n c y t r a n s f o r m e r s (20 kHz) . 

The t e t r o d e , l o a d r e s i s t o r s and i s o l a t i o n 

t r a n s f o r m e r s a r e s i t u a t e d i n t h e same o i l t a n k 

a s t h e k l y s t r o n s . T h i s g i v e s a compact d e s i g n , 

w i t h no exposed h i g h v o l t a g e and t h e e l e c t r o n 

i c s a t ground p o t e n t i a l . 

3 . 5 . Magnet Power Supp ly 

The k l y s t r o n magnet i s made up of t h r e e 

s e p a r a t e s e t s of c o i l s . These a r e e n e r g i s e d a t 

up t o 35A, 70 V by t h r e e s w i t c h mode t r a n s i s t o r 

r e g u l a t o r s o p e r a t i n g a t 20 kHz. The r e g u l a t o r s 

f o r two magne t s a r e f ed from a common d . c . 

s u p p l y . The magnet c u r r e n t s a r e t uned f o r each 

k l y s t r o n d u r i n g f a c t o r y t e s t s . Afte r t h i s i t 

i s not n e c e s s a r y t o change them d u r i n g o p e r a 

t i o n even i f t h e o u t p u t power l e v e l i s 

a l t e r e d . 

3 . 6 . F i l a m e n t Power Supply 

The k l y s t r o n f i l a m e n t i s fed a t 9 V a . c . 

v i a an i s o l a t i o n t r a n s f o r m e r . T h i s i s fed by a 

s i n g l e phase c u r r e n t c o n t r o l l e d t h y r i s t o r r e g u 
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l a t o r ' . The cur ren t i s ramped up and down at 60 

seconds t o a v o i d shock h e a t i n g of the 

f i l a m e n t . 

3.7 . Cool ing System 

Each module of four k l ys t rons has a common 

deminera l ised c o o l i n g system. This has a high 

f l o w , low pressure c i r c u i t to cool the c o l l e c 

t o r , t e s t l o a d s , waveguide switches and wave

guide around the k l y s t r o n s and a low f l o w , high 

pressure c i r c u i t to cool the k l y s t r o n windows, 

magnet and k l y s t r o n c a v i t i e s . Each c o o l i n g 

system has a 3000 l i t r e surge tank t o s t o r e the 

heat produced dur ing the pulse and reduce the 

f l ow requ i red i n the s i t e water network. The 

t o t a l f low i n each deminera l ised water c i r c u i t 

i s 3000 l i t r e min. 

3.8 . High Power Microwave Components 

The f o l l o w i n g high power microwave compo

nents are a s s o c i a t e d w i t h the k l y s t r o n 

generator : 

1) Standard WG 28^ water cooled copper 

waveguide 

2) Four port c i r c u l a t o r 

 input VSWR 1.1 

 cont inuous r e f l e c t e d power 56 kW 

 i n s e r t i o n l oss 0.15 dB 

 t r ansm i t t ed power 650 kW 

3) Waveguide sw i t ch 

 i n s e r t i o n l oss 0.0025 dB 

 VSWR 1 . 0 5 

 i s o l a t i o n 80 dB 

U) Water cooled Test load 

 power r a t i n g 650 kW 

 VSWR 1 . 1 

5) D.C. Break used t o provide d . c . i s o l a t i o n 

between k l y s t r o n s and JET machine: i s o l a t i o n 

vol tage 2 kV. 

6) Low l oss opt imised 35 metre waveguides f o r 

power t ransmiss ion t o JET machine. These 

waveguides are 77.20 χ 38.60 mm i n cross 

s e c t i o n which i s 5 t below the dimensions at 

which a l t e r n a t i v e modes could propagate. 

The t o t a l l oss al lowed i n the waveguides i s 

0.50 dB which are f i l l e d w i t h 1 bar (gauge) 

SF6 t o improve vo l tage ho ld o f f c a p a b i l i t y . 

P a r t i c u l a r a t t e n t i o n has been paid t o the 

design of f l anges and t h e i r gaskets i n order 

t o m i n i m i s e l o s s e s and t he r i s k of 

breakdown. 

3.9 . Low Power Microwave System 

The low power microwave system provides 

ampl i tude and phase c o n t r o l of the k l y s t r o n 

o u t p u t . A phase re fe rence i s d i s t r i b u t e d t o 

each module from a c e n t r a l c o n t r o l r ack . This 

i s then used t o c o n t r o l the phase at the 

k l y s t r o n o u t p u t . The changes i n the l e n g t h of 

the waveguide and launcher are measured by 

s h i f t i n g t he o p e r a t i n g f r e q u e n c y of each 

k l y s t r o n i n t u r n f o r 10 ms every 500 ms. This 

s h i f t e d f requency i s detected on adjacent wave

guides due t o cross coup l ing at the launcher 

mouth and can be used t o c a l c u l a t e changes i n 

r e l a t i v e l e n g t h of the d i f f e r e n t t ransmiss ion 

paths . 

3.10. K l y s t r o n P r o t e c t i o n and Cont ro l 

Local c o n t r o l of each module i s prov ided by 

a p r o t e c t i o n and c o n t r o l system. This can be 

d iv ided i n t o two pa r t s ; a programmable l o g i c 

c o n t r o l l e r (PLC) which handles slow i n t e r l o c k s 

and i n t e r f a c e s t o CODAS and the l o c a l ope ra to r , 

and a f a s t i n t e r l o c k system i n the form of a 

s t a t e machine. 

The s t a t e machine s ta tes and t r a n s i t i o n s are 

shown i n Figure H. The i n i t i a l s t a t e i s known 

as "warm up" when the k l y s t r o n f i l a m e n t s are 

tu rned on, water pump s t a r t e d and c i r c u i t 

breakers c losed . The next s t a t e " h i g h vo l tage 

enable" i s t r i g g e r e d by the operator t o apply 

high vo l tage t o the k l y s t r o n . When the pulse 

i s t r i g g e r e d the " e l e c t r o n beam on" s t a t e i s 

entered f o r 250 ms t o ramp up the e l e c t r o n 

beam. This i s f o l l owed by the "RF i n t e r r u p t " 

s t a t e which has no e f f e c t as no RF has yet been 

a p p l i e d . RF i s f i r s t app l ied at low power i n 

the RFL s t a t e and al lowed t o r i s e t o the set 

value i n the RFH s t a t e . I f an arc i s detected 
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in the launcher a t r a n s i t i o n to the "RF i n t e r 
rupt" s t a t e i s t r i gge red to remove the RF drive 
for a preset time followed by the RFL and RFH 
t r a n s i t i o n s . 

TURN ON 
WMP —WARM UP 
HVE - HIGH VOLTAGE ENABLE 
BMO — ELECTRON BEAM ON 
RFI — RF INTERUPT 
RFL — RFON AT LOW POWER CTO ESTABLISH PHASE LUCK) 
RFH — RFON AT HIGH POWER 
EOF — EMERGENCE OFF (CROWBAR FIRED) 

FIGURE 1 
Klysron Fast Cont ro l le r S t a t e Machine 

In the event of a se r ious f a u l t such as 
voltage breakdown in the klys t ron the HVPS 
crowbar i s f i r e d by a t r a n s i t i o n t o an 
"Emergency off" s t a t e . 

As well as i t s other func t ions , the PLC has 
been programmed to automat ica l ly adjus t the 
klys t ron opera t ing parameters to the requi red 
RF power s e t t i n g and automat ica l ly condi t ion 
the klys t rons by continuously pulsing at pro
gress ive ly higher power l e v e l s . 

k lys t rons have been operated at t h i s l eve l 
during fac tory t e s t s for a few pu l ses . 

The power output from the klys t ron i s moni
tored by performing ca lor imetry on the t e s t 
loads and klys t ron c o l l e c t o r . This uses an 
i n t e g r a l method to c a l c u l a t e the t o t a l heat 
t r ans f e r r ed to the water system. The ca lcu la 
t ed power ba lance in t h e k l y s t r o n i s as 
fol lows: -

Test Load 510 kW 
Col lec tor 869 kW 
Lower body (es t imate from fac to ry t e s t ) 9.5 kW 
Upper body (es t imate from fac to ry t e s t ) 9.9 kW 
Waveguide to t e s t load and switch 5-0 kW 

Total 1103 kW 
E l e c t r i c a l power input from HVPS 1310 kW 

Error 63 kW 
This e r ror i s 1.7 Í of e l e c t r i c a l power. 

5. CONCLUSIONS 
Operation of the t e s t bed wi l l enable high 

power microwave components to be t e s t e d pr ior 
t o t h e i r i n s t a l l a t i o n on the JET machine. I t 
w i l l a l s o a l low t h e c o n t r o l system and 
a u x i l i a r y power suppl ies to be ref ined to 
permit k lys t ron opera t ion at 650 kW for 10 
seconds. Eight k lys t rons wi l l s t a r t operat ion 
with JET a f te r the next major machine shutdown 
which ends in March 1989. 
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before an endurance t e s t i s done of 1000 pulses 
at 650 kW for 10 seconds. Both t e s t bed 

REFERENCES 
1. A. S. Kaye, Design of JET Lower Hybrid 

Launcher, these proceedings. 

2. C. Chr is todoulopolos , Design of the Protec
t ion Crowbar for the LHCD Klystrons in JET, 
these proceedings. 

A384 



THE JET ICRF ANTENNAE SCREEN: EXPERIENCE WITH THE ACTIVELY COOLED NICKEL SCREEN AND DESIGN OF A 
NEW BERYLLIUM SCREEN 

C I WALKER, H Brinkschulte, M Burea, Ν Dragomelo, J Ρ Coad, A S Kaye, S Knowlton, J Plancoulaine 

JET Joint Undertaking, Abingdon, Oxfordshire, 0X14 3EA, UK 

The technological performance of the water cooled Nickel screens is described. The benefits of 
Beryllium as a screen material in terms of plasma radiation, mechanical reliability and thermal 
suitability are quantified. Design features of the new Beryllium screens are described. 

1 . INTRODUCTION 
Water cooled Nickel electrostatic screens' 

were Installed In the A, ICRH antennae in JET 
in 1987. These screens were heavily carbonised 
by glow discharge in methane1 before installa
tion. The antennae have operated for over one 
year. Over this period 1500 RF pulses up to 18 
MW total power, up to U MW per screen and up to 
20 seconds per pulse have been applied. Nickel 
levels have Increased in the plasma but remain 
a modest contribution to the energy balance. 
Subsequently, insitu carbonisation and mechan
ical cleaning of the surrounding tiles have 
been used to control the nickel. 

The antennae and screens have performed well 
in terms of RF transmission, withstanding high 
RF voltages and local heating. Damage to the 
screens has mainly been due to thermal stresses 
leading to weld failure and leaking of some 
screens. Remote Handling equipment has been 
used to remove screens which have been repaired 
successfully. 

There are plans to replace the Nickel 
screens. The replacement screens will use 
solid Beryllium elements; the low Ζ of 
Beryllium is anticipated to substantially 
reduce the metal radiation despite the higher 
sputtering rates. In addition, the higher con
ductivity of Beryllium, together with the use 
of an open structure, reduces the RF losses 
sufficiently to enable cooling by conduction to 

the screen sides, thus avoiding the many tube
manifold welds of the present screens. The 
design of the Beryllium screens, which remains 
compatible with the A, antennae, incorporates 
assemblies with flexible thermal couplings 
bolted to a water cooled Inconel frame. 

2. NICKEL SCREEN EXPERIENCE 
Since operations restarted in 1987 the full 

set of 8 RF antennae have been available for 
use and have accumulated 1500 RF pulses until 
recent failure of one VTL. RF plasma heating 
results have been reported5 previously and the 
value of the screen element alignment with the 
tokamak field has been demonstrated1·. 

There have been no limitations on the peak 
RF power of the antenna attributable to the 
screens. A maximum voltage of 40 kV has been 
attained on all antennae. 

A maximum total of RF power of 18 MW in 2 
second pulses has been coupled to the plasma. 
Normal operation is with 2.5 MW per antenna, 
limited by the generator. This has been 
Increased to a peak of Ί MW per antenna. Pulse 
lengths of up to 20 seconds have been per

formed, with a maximum energy of 30 MJ each on 
2 antennae. 

The screen is a source of metal impurities 
in the plasma. The effect of precarbonisation 
was evident from the very low initial nickel 
level in the plasma. This effect decreased 
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within 50 pulses and insitu carbonisation was 
performed. The migration of the screen nickel 
has been quantified as 5 x 10" atoms/MW per 
screen. The effect of radiation of this nickel 
on the plasma energy balance is still negligi
ble. It had been demonstrated on the A0 

antennae that the source of the nickel is the 
front, plasma facing, surface of the screen5. 

Heat removal from the screens has been ade
quate. The series connection of the Antennae 
screens' water cooling with the belt limiter 
has governed the availability and flow rate of 
cooling water. The flow rate has to be limited 
to ·4 li/s to avoid resonances in critical bel
lows; this is half of the design value but no 
serious consequences have been observed. 

Slight arc damage has been seen on one 
screen. This is a modified screen, with the 
last element unconnected to the cooling water 
circuit. The arcing may be due to the poorer 
electrical connection of this component to the 
screen by virtue of its Nimonic flexible coup
ling. Although slight, this damage would have 
serious consequences if it had penetrated a 
water channel. No fine bored hole damage, seen 
in the A0 antennae, has been observed on these 
A, screens. 

Side protection tile erosion is evident. 
The 'footprint' of the plasma can be clearly 
seen on the side protection tiles, where they 
were effectively acting as the first plasma 
limiter for significant periods of operation. 
A few tiles along the centre line of the torus 
have been destroyed by some unidentified 
process. 

The End Contacts (Figure 1), provided to 
block fringing fields, have suffered severe 
erosion from melting or arcing. 

On Antenna Octant 7 the end contacts have 
been removed with no apparent effect on the 
performance of the antenna. 

Operation without antenna and limiter cool
ing and operation of the draining and refilling 

3mr 

18mm 
J , Ι, Ι, Ι,Υ, Ι, Ι, ι, ι Γι 

SCAU M MUMTRES 

FIGURE 1 
V e r t i c a l s e c t i o n through n i c k e l sc reen and 
an t enna 

system with t h e t o r u s hot (up t o 350°C) have 

r e s u l t e d i n thermal s t r e s s e s much g r e a t e r than 

a n t i c i p a t e d r e s u l t i n g i n 2 smal l l e a k s d e v e l o p 

ing near t h e end element ; t h e s e s c r e e n s were 

r e p l a c e d . Recen t ly a l a r g e r l e a k appeared i n 

one an tenna but o p e r a t i o n con t inued with a l l 

an tennae h o t , d u r i n g which f u r t h e r l e a k s have 

o c c u r r e d . Opera t ion i s now c o n t i n u i n g wi thou t 

water c o o l i n g with r e s t r i c t e d p u l s e l e n g t h 

( t y p i c a l l y 5 s e c o n d s ) . 

An e f f e c t i v e method of removing and r e p l a 

c i n g a s c r e e n has been deve loped , u s i n g t he 

Remote Handl ing t o o l s and l i f t i n g equipment 

des igned for t h e t r i t i u r . phase of JET o p e r a 

t i o n . The removed s c r e e n s have a l s o proved 

r e p a i r a b l e a l t h o u g h m o d e s t a c t i v a t i o n 

(Ni t o Co 5 6 and Co5 8 t r a n s f o r m a t i o n g i v i n g 

35 u S v / h r c o n t a c t a c t i v i t y ) c a u s e s some 

p r o c e d u r a l d i f f i c u l t i e s . 

3. THE NEW BERYLLIUM SCREENS 
A new Beryllium screen has been designed and 

is now under manufacture. It has 2 aims: 
i. Improved reliability 
This is required for the tritium phase of 

JET operation. The 160 welded joints connect
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Ing elements to side manifolds can be avoided 
by end cooling of solid elements. A secondary 
benefit is the reduction in cooling water 
tritlatlon. 

li. Reduction In plasma radiation 
Even accounting for the increased sputtering 

of Beryllium surfaced screen elements, radia
tion from the core of the plasma will be less 
than 1/10 of that seen with nickel. Power 
radiated from the plasma edge will be reduced 
by a factor of 1/5 with Beryllium; this is 
expected to favour Ηmode operation and to 
avoid termination of the Ηmode due to radia
tion collapse. With the present antennae this 
termination during RF heating corresponds to a 
steep increase in nickel radiation. Beryllium 
has been shown to be an effective oxygen 
getter. The ISX Β Beryllium limiter experi
ments resulted in a reduction of oxygen levels 
and a corresponding increase in density limit 
of x2. The density limit of JET plasmas are 
expected to increase to over 10

20 m"
3
, a 

crucial level to reach conditions of high 
thermal fusion yield. 

1. CHOICE OF MATERIAL FOR END COOLED ELEMENTS 
Central to the design of the screen is the 

operational temperature of the screen elements. 
This affects both the strength of the screen 
elements themselves and the temperature and 
strength of the central conductor of the 
antenna. The safe working temperature of the 
Central Conductor is 600°C for which the screen 
must operate at < 500°C for the present duty 
cycle to be maintained. 

The screen temperature is governed by the 
geometry of the elements and their spacing, and 
the element material. The more open structure 
of screens, demonstrated in ASDEX and JT60, has 
been chosen (Figure 3) , although this allows a 
clear line of sight to the central conductor. 
The RF losses are thus reduced by a factor of 
3. The total RF loss In a screen with 

I i l . l . l . l . l i l i l i l 

FICURE 2 
Vertical section through Beryllium screen and 
antenna 

alternative materials is given Table 1. 
These losses are not uniformly distributed 

on the screen. In the centre of the screen 
temperatures are a factor of 2 higher than the 
mean screen temperature. 

The radiant energy exchange between screen 
and torus is complicated by the sensitivity to 
torus temperature distribution, operating 
scenario, and imprecisely known component 
emissivi ties. 

During the 20 second pulse only conduction 
through the section of the element is signifi
cant. The effectiveness of conduction along 
the length of the element is indicated 'by the 
thermal diffusion time constant of the half 
length. Local temperature peaks along an indi
vidual element are smoothed out in a time 
typically a quarter of this. 

The equilibrium temperature drop along the 
element for conduction alone is proportional to 
the time averaged incident power and inversely 
proportional to the thermal conductivity. 

The flexible connection drops the tempera
ture a further 50°C to the water cooled sides 
of the screen. 

The limiting stress in the element is due to 
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t h e t r a n s i e n t f o r c e a r i s i n g , d u r i n g a d i s r u p 

t i o n , from a change i n v e r t i c a l f l ux th rough 

t h e h o r i z o n t a l l o o p formed by t he s c r e e n and 

h o u s i n g . The r e s i s t a n c e of t h i s l oop i s domi

n a t e d by t h e I n c o n e l h o u s i n g , t h e r e f o r e t h e 

magni tude of t h e l i m i t i n g s t r e s s i s on ly weakly 

dependent on element m a t e r i a l . The r a d i a l 

inward f o r c e i s 1.5 kN per element with a 

c o r r e s p o n d i n g maximum s t r e s s of 75 MN/mm2. 

A d d i t i o n a l the rmal s t r e s s e s appear due t o 

t h e r a p i d , n o n  u n i f o r m h e a t i n g of t h e 

e l e m e n t s . 

Table 1 l i s t s t h e maximum o p e r a t i n g t empera 
t u r e , Τ , f o r t h i s s t r e s s l e v e l and o t h e r 

max 
p a r a m e t e r s , f o r a range of p o t e n t i a l element 

m a t e r i a l s . 

TABLE 1 
Comparison of element m a t e r i a l s 

Material 

Beryllium 
Molybdenum 
Nickel 
TltaniuD 
Copper 

Zirconium 
S t a i n l e s s 

Stee l 
Graphite 

max 

C 

550 
1200 
700 
600 
100 

700 

1500 

δΤ„ρ 

κ 
113 
363 
359 

(1162) 
155 

615 

(5100) 

" o 

Κ 

130 
610 

(1310) 


152 



(5200) 

T
diff 

Min 

33 
27 
61 

210 
15 

196 

19 

T
PEAK 

•C 

560 
660 

( 1 5 8 0 ) 


290 





τ
ρ 

Min 

13 
15 
30 

7 

200 



Ζ 

1 
12 
28 
22 

2910 

2126 

6 

«τ, RF 

T
dlff ' 

'PEAK' 

Maximum allowable temperature for mater ia l , on 
strength grounds 
Temperature r i s e per pulse due to RF l o s s e s 
Time average temperature difference along h o t t e s t 
element for conduction cooling at maximum duty 
cyc le 
Thermal d* f fusion time constant over half length 
of element 
Peak temperature on screen at maximum duty cyc le 
Minimum Interval between pulses at maximura RF 
voltage and pulse length 
Proton number 

Temperatures shown In brackets wi l l be s u b s t a n t i a l l y 
modified by radiat ion cool ing 

Titanium, stainless steel, graphite: all 
materials of high temperature capability but 
with low electrical conductivity, cannot be 
used for endcooled elements. Radiation cool
ing cannot be used because of the central 
conductor temperature limits. 

Nickel cannot be used because of its 

excessive temperature except at a much reduced 
duty cycle. 

Copper Zirconium, with its highest 
operating temperature of the high conductivity 
copper alloys, has good electrical, thermal and 
mechanical properties. Copper, however, is 
generally regarded as highly damaging to the 
purity of the plasma, due to its high sputter
ing coefficient (twice nickel) and its high 
atomic weight. 

Molybdenum could be used. The effect of 
local high temperatures could be avoided with 
20 mins duty cycle. Its use as a first wall 
material, notably JT60 where it was coated with 
Titanium Carbide, has not proved to be satis
factory. 

Beryllium can be seen to somewhat exceed 
the peak working temperature. This can be 
avoided with an increase, in pulse interval from 
10 to 13 minutes, or be reducing the voltage to 
41 kV. 

It can be seen that Beryllium is a valid 
choice of material for end cooled screen ele
ments, happily coinciding with favourable 
plasma effects described in Section 3. 

5. DESIGN DETAILS OF BERYLLIUM SCREEN 
Beryllium screens have been designed to be 

used on the existing antennae with the existing 
protection tiles and to remain compatible with 
the JET Belt limiter. 

The Beryllium screen comprises 50 Beryllium 
elements mounted in a frame assembly. One of 
the advantages of this construction method is 
that the vacuum tight construction can be manu
factured and fully tested, by thermal cycling, 
before Beryllium components are assembled, with 
its health restrictions. 

The Beryllium Elements were made from 
plates of hot pressed block. One e.d.m. cut 
(wire eroded under water) providing both a 
front and a back surface. The advantage of an 
eroded surface in Beryllium is that it is rela
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t i ve ly s t r e s s free and no subsequent machining 
i s required. The other surfaces of the element 
are shaped by mult i pass mil l ing . Sharp edges 
are radi used with abrasive tools and by the 
f inal chemical e tch . 

τ ANTENNA HOUSING 

SIDE 
CONTACT 

FLEXIBLE 
COUPUNG 

BERYLLIUM 
ELEMENT 

2m Rad 

SIDE 
PROTECTION 
TILE 

. ι , Ι . Ι . Ι ι Ι ι Ι . Ι ι Ι ι Ι ι Ι 

FIGURE 3 
Horizontal cross section of Beryllium screen 

The Flexible Coupling attached to each 
end of an element (Figure 3) is designed to 
allow thermal expansion of the element by up to 
6 mm while maintaining a good thermal path 
between the element and the screen frame side. 
It must also withstand the forces induced 
during plasma disruptions while allowing the 
element to better resist this force by remain
ing effectively simply supported at Its ends. 
It comprises a stack of Copper, Copper Zircon
ium and Nimonic strips ebeam welded into solid 
blocks of Copper. 

The flexible coupling is attached to the 
Beryllium element by means of a shrunk Nimonic 
sleeve, while to the screen frame it is bolted 
over a pure silver interface. 

The Screen Frame assembly requires no 
particular electrical properties and conse

quently its material (Inconel 600) and its 
allwelded construction have been chosen for 
mechanical strength, water and high temperature 
compatibility. The water flow connection 
between the two sides has been embedded away 
from the plasma surface of the screen. 

The side contacts, linking the screen RF 
currents to the antenna housing with the 
highest DC resistance, as used on the nickel 
screens, have been retained (Figure 3)· The 
end contacts have been abandoned in favour of a 
simple labyrinth (Figure 2). 

6. CONCLUSION 
Valuable results have been obtained to date 

with the JET ICRF Antennae. Even with present 
uncooled operation of nickel screen a vigorous 
RF heating campaign has been successful. 

With the new screen design the full poten
tial of the ICRH programme can be realised. 
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ANALYSIS OF VERTICAL INSTABILITY IN THE JET EXPERIMENT 

R.Albanese (D.E. Bertolini <-2\S. Bobbio (3>,R. Manone ('J.G.Jvliano (3>,P. Noll*2). 

d) Istituto di Ingegneria Elettronica, Università di Salerno, Italy.*2) JET Joint Undertaking, England^3) Dipartimento Elettrico 
per l'Energia, Università di Napoli, Italy. 

This paper describes the electromagnetic analysis of vertical instability tests performed in JET. These and related mechanical 
studies are aimed at establishing safe operating limits. 

1. INTRODUCTION 
In the JET experiment and in other Tokamaks with 

elongated plasma shape, the vertical plasma position must 
be stabilized by active feedback control! If the stabilization 
fails, a vertical instability occurs, followed by a disruption. 
This causes large forces at the vessel. 

This paper describes the electromagnetic analysis of 
vertical instability tests performed in JET. These and 
related mechanical studies are aimed at establishing safe 
operating limits. 

One can distinguish three phases of the vertical 
disruption. Initially, the vertical displacement grows 
exponentially at constant plasma current: the plasma force 
balance is provided by magnetic fields from induced 
toroidal currents in the vessel and in the stabilization coil. 
In the second phase the plasma comes in contact with the 
wall at top or bottom, and the plasma motion and the 
toroidal vessel currents decrease to zero. The current in the 
stabilizing coil is insufficient to warrant plasma 
equilibrium; therefore, additional forces must be present. 
Several mechanisms can be considered to explain the origin 
of the additional balancing force. Eventually, the plasma 
disrupts when the q-value at the plasma boundary has 
decreased to values below two, due to the forced reduction 
of the plasma size. During the current quench, the plasma 
moves radially inwards, causing also large radial forces at 
the vessel. 

2. VERTICAL DISRUPTION 
Without active stabilization, the JET plasma is vertically 

unsuible due to the destabilizing effects of the iron magnetic 
circuit and of die quadrupolar component of the equilibrium 
magnetic field required to produce an elongated plasma 

shape. Any small radial field perturbance would initiate an 
esponentially growing vertical motion. The growth rate 
depends on the effective field index and on the decay rime 
of eddy currents in the stabilization coil, in the vessel and 
other passive structures around the plasma. 

Due to the presence of belt limiters at about ±1 m above 
and below the equational plane, the vertical motion leads to 
a reducdon of the plasma size, in particular after the plasma 
becomes in contact with the vessel walls at top or bottom. 
Consequently, the q-value at the plasma boundary 
decreases and a hard disruption (current quench) occurs 
when q becomes smaller than about two. 

The vertical force at the vessel caused by the vertical 
instability is essenually proportional to the vertical plasma 
displacement and the square of the plasma current. Cases 
with large initial q-value are therefore particularly severe 
because the displacement can become large before the 
current quench starts. Large initial q-values are present in 
configurations with one or two x-points (magnetic limiter), 
for example. 

Parametric studies of the vertical instability have been 
performed at low current level by disabling the feedback 
stabilization at some time during the current flat top1. After 
strengthening of the vessel supports, further tests were 
carried out with currents up to 3.5 MA, in order to obtain a 
reasonable estimate of forces and of their effects at very 
large current (6-7 MA). 

An example of a test at 3.5 MA and toroidal field 
Βχ=1.8Τ is shown in fig. 1 and fig.2. Fig.l presenis the 
evolution of currents and of the difference of the toroidal 
field measured at top and bottom inside the vessel. Fig.2 
shows geometrical parameters. Flux plots shortly before 
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and dünnt; ·»" early phase ol' the instability are given in 
FiS3. 

Wc can distinguish 3 pluses. In ihc l'irai p l u « (i=50.ÛO 
io 50.04 ice) the vertical portion (Z p in Fig.2). the radiai 
field coil current and the induced deferential current in the 
vessel ( I R and Ivdilf "i Fig.l) increase rapidly ut a growth 
rate γ ~ 160 s"1. while the plasma Current and the radial 
position remain constant. The plasma is detached from die 
vessel walls, but its size is decreasing due to the interaction 
with the belt limiter (Fig.3). This causes a decrease of the 
qvalue and a flattening of the current piofile, implied by 
the decrease of the normalized internal inductance I¡ 
(Fig.2). 
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This phase Can be understood on the basis ol" 

electromagnetic and MHD consistent models2·3 which take 

into account only the foices arising from toroidal currents. 

The desub.lizing force acting on the plasma is essentially 

balanced by the stabilizing forces from the radial field coil 

and the differential vessel current induced by the plasma 

motion. 

The second phase ([=50.04 to 50.05 sec) begins when 

the plasma comes in contact with the vessel. The plasma 

continues to move vertically but its speed decreases to zero. 

The plasma minor radius is consequently further reduced, 

giving rise io an increase ol" die plasma external inductance 

and some associated decrease of the plasma current. The q

value ai the boundary has already reached a critical value of 

about two at the beginning ol' the second phase so that part 

of the current decrease may be due to disruptive behavior. 
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■4 ( m ) A (m) 

t = 49 s 
qb = 3.027 
Ip= 3.4 MA 
I¡= 0.978 

ι = 50.034 s 
qb= 2.324 
Ip= 3.4 MA 
1.= 0.843 

FIGURE 3 
Flux plots of puise 15100 before and 34 ras after disabling 
vertical stabilization ut t = 50 s. 

In other pulses with larger initial qvalue, q=2 is reached in 
the course of phase 2. The differential vessel current 
decreases to zero, due to the small eddy current decay lime 
Tv ~ 3ms, the radkil field coil current reaches a maximum 

due to flux conservation (time constant => 1 sec). Thus, 
during this phase of the instability, two phenomena occur: 
(i) the destabilizing force acting on the plasma reaches 

its highest value ( = 3.7 MN) 
(ii) the stabilizing force due to toroidal vessel currents is 

practically absent, wliile that of the radial field coil is 
still present ( = 1.5 MN) but insufficient to ensure a 
balance of forces at the plasma. 

Therefore, there must be an additional repelling force 
between the plasma and the vessel. 
In the last phase (t >50.05 sec), the plasma current 
decreases rapidly to zero, inducing a net vessel current

0.4 MA (Fig.l) and also a differential vessel current, due 
to the displaced plasma position. The differential current is 
actually destabilizing, while the radial field coil current is 
still stabilizing. The plasma inoves radially inwards and 
vertically downwards, sliding along the inner part of the 

vessel. Also during this phase, the toroidal currents do not 
balance the destabilizing force on the plasma. 

The force acting on the plasma and the vessel have been 
estimated from simplified simulations with the PROTEUS 
finite element code2 and a new analytic code3, whereby the 
initial PF circuit currents and the measured current and 
position of the current centroid of the plasma were taken as 
input parameters and the circuit voltages were kept constant 
and equal zero. The computed current in the radial field coil 
and loop voltages at certain locations at the vessel agree 
within about 10% with measured values. This indicates that 
the effect of screening by eddy currents in the mechanical 
shell is of minor importance in JET, as was previously 
estimated analytically. It has also been concluded from 
analytical models and from computations with the SPARK 
code4 and the CAR1DDI code5 that for the JET geometry, 
the saddle currents in the rigid sectors of the vessel 
contribute relatively little to the eddy current field derived 
on the basis of an axisymmelric vessel model, at least in 
cases where the disruption time is significantly larger than 
the decay time of toroidal eddy currents (3 ins). 

The vessel and plasma vertical forces have also been 
estimated from a simplified interpretation of measurements 
as applied previously1. 

Results for pulse 15100 are shown in Fig.4 and Fig.5. 
Fig.4 indicates that an additional force must be present 
which is a significant fraction of the basic destabilizing 
force, in particular during the phases 2 and 3 of the 
instability. Notice that, in Fig.4, the presence of an 
additional force even in the first phase of the instability is 
due to the very crude plasma model ( filamentary plasma ) 
utilized in the numerical simulation.There are substantial 
differences between simulation and simplified evaluation, 
which may be due to the crudeness of the model used, but 
the existence of force due to other effects than toroidal 
current is evident. Fig.5 shows that the vertical force at the 
vessel is dominated by the additional force, the forces due 
to toroidal currents being small, in particular around 
t=50.05 sec, where the plasma displacement has served a 
maximum. 

Several mechanisms can be considered to explain the 
origin of an additional repelling force between the vessel 
and the plasma. As suggested by P. Thomas6, a radial 
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electric field \xB is induced in lhe plasma due io ¡is vertical 
motion. When the plasma becomes in contact with the 
conducting vacuum \essel, a poloidal current can be driven 
in the plasma, having a return path in the vessel. A poloidal 
current circulating in lhe plasma and the vessel may also be 
caused by a temperature gradient along the part of the 
vessel which is in contact with the plasma, as considered 
by P. Habour7, but none of these mechanisms seems to be 
fully convincing. In JET, there is some measurements of 
the difference of the toroidal magnetic field at top and 
bottom inside the vessel, as shown in the Fig.l (bottom 
trace). The corresponding stabilizing force on the plasma is 
2KR C W Βχ Βχ/μο, were w is the radial width of the 
current loop and Βχ is the measured toroidal field 
difference. An estimate for a plausible value w 1.5 m, with 
Βτ=2.1Τ at the pick up coil position RC 2.5 m, is shown 
Fig.4. This force is smaller than the estimated additional 
force. 

These attempts to measure poloidal currents arc very 
inaccurate and may be obscured by local field 
perturbations. This lead us to envisage a different 
mechanism to explain the origin of the additional repelling 
force between the plasma and the vessel (or, at least, a 
significant pan of it). 

.. Vertical Plasma 
Torce 15100 

I_ decrease stan 

'10 50 
FIGURE 4 

Destabilizing force and additional force at the plasma 
obtained from a simulation with lhe PROTEUS code (soliti 
line and ) and from a simplified evaluation of 
measurements ( broken line ). Also çiven is an estimate of 
a force on the plasma due to poloidal currents across the 
plasma ( xv< ). 

Vertical Plasma 
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7/ ' \ 
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FIGURES 
Vcnical forces at the vessel for pulse 15100 (3.4 MA/1.ST) 
obtained from a simulation with the PROTEUS code 
( and ) and from a simplified evaluation of 
measurements (— and ). 

These attempts to measure poloidal currents arc very 
inaccurate and may be obscured by local field 
perturbations. This lead us to envisage a different 
mechanism to explain the origin of the additional repelling 
force between the plasma and the vessel (or, at least, a 
significant pan of it). 

3. MAGNETOMECIIANICAL INTERACTION 
MODEL 
During the second phase of the vcnical instability, the 
plasma current is only slightly reduced and plasma 
confinement is still efficient despite the fact thai part of the 
plasma boundary is in contact with the wall. It is 
considered that the plasma behaves like a balloon squeezed 
by the net destabilizing force against the vessel. A 
simplified configuration is shown in Fig.6. 

The plasma pressure is constant on magnetic flux 
surfaces and in the plasma region. In the region ΛΛ' the 
plasma is bounded by the wall. The net force balance of the 
plasma can be achieved in two ways. If the plasma 
pressure is substantial along ΛΛ', then this pressure is 
directly supported by the walls. If lhe plasma pressure is 
small, then poloidal currents flow in lhe plasma which 
close in a plasma surface cuncnt along ΛΛ'. The surface 
current is pushed against the wall by the toroidal field. 
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With conducting walls, part of this current can be shared 
by the walls, depending on the relative resistances of the 
wall and of the plasma surface current. 

FIGURE 6 
Plasma, supported partly by a wall due to kinetic pressure 
at the region AA' of the boundary γ, partly by poloidal 
surface currents forced along AA'. 

This model is consistent with statie equilibrium. A simple 
slab model can be considered for illustration. Fig.7 slows 
the current and pressure profiles when a plasma slab of 
width 2a0 is pushed against a wall at x=a0 by an external 
field BCX[, which resembles the residual destabilizing radial 
field in the torus. Among the possible dynamics, two 
limiting cases have been considered: frozen current 

. χ χ 
I(x)=J J(x)dx' and trozen flux ψ (x)=J B(x')dx'. The 

0 Ü 
profiles shown in Fig.7 arc for frozen current. 

The solution at frozen current implies that the force is 
transmitted to the wall via lhe kinedc pressure. Conversely, 
lite solution at frozen flux requires the presence of a surface 
current, with p0 at die plasma wall interface. 

4. CONCLUSIONS 
The lack of decisive experimental data does not allow to 

determine the phenomena occurring during the second 
phase of a vertical instability: probably, several different 
mechanisms act together to determine the additional 
balancing force at the plasma. The magnctomechanica*. 
interaction model proposed in this note does not rely on the 
presence of conducting walls and the presence of a vertical 
motion of the plasma; it appears therefore suitable to 
explain the observed slowing down of the vertical speed 
before thecurrent quench. 
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FIGURE 7 
Current and pressure profiles of a plasma slab for different 
values of an external field pushing the plasma against a 
wall at χ = a0. The current is assumed to be frozen. 
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Appendix III (g) 
JET-P(88)58 

JET Results and the Prospects for Fusion 

P H Rebut, Ρ Ρ Lallia 

Recent experiments en JET with increased additional power have resulted In 
plasma parameters cloee to those of a thermonuclear reactor. Electron and 
Ion temperature significantly in excess of lOkeV have been simultaneously 
achieved at a plasma density of 2xiO

i
*m·

1
; transiently, during an H-mode 

the fusion product (η/Γ,Ο has reached 3xlO'^nr'.kev.s at temperatures 
exceeding 5kev; and plasma current up to 7ΜA {for 2s) have been achieved. 
However, degradation of confinement with increased power is observed in 
all regimes. 

The major heat and particle transport phenomena observed in Tokamaks can 
be Interpreted as resulting from a magnetic turbulence. in some respects 
analogous to the turbulence existing In fluids when the fluid velocity 
exceeds a certain threshold value. This interpretation has led to local 
transport and global scaling laws giving satisfactory agreement with 
experimental results. Accordingly, the fusion product would scale as 
I'BJT for a fixed Troyon factor. Reaching ignition would require a 
plasma current close to 30ΜA at a moderate field value of 4. ST. 

To fully tackle the problems of a controlled burning plasma for at least 
days in semi-continuous operation, the plasma of the next step tokamak 
should be similar in size and performance to an energy producing reactor. 
The scientific and technical alms of such a machine should be to study a 
burning plasma, to test wall technology, to provide a test-bed for 
breeding blankets and above all to demonstrate the potential and viability 
of fusion as an energy source. 

The main characteristics of the design of a thermonuclear furnace 
dedicated to these objectives are presented. Basically the plasma 
parameters are scaled up from JET by a linear factor of 2.5. Magnets, 
either superconducting or of copper, should be able to operate 
continuously. The present design uses watercooled copper magnets to 
benefit from proven technology and consists of 20 identical sectors. Each 
incorporates a toroidal field coll. mechanical structure and a part of the 
vacuum vessel wall as one integrated unit. A single-null di verter 
configuration ensures heliun exhaust and possibly benefits from an H-mode 
to reach the ignition domain. The X-point position relative to the durf) 
plates would be swept to limit the wall loading to 2Mtf/m*. By changing 
the operating density, the thermonuclear power could be varied from 0.5 to 
4GW(th). according to requirements on power loading and tritium 
consumption. 
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INTRODUCnCN 

JET is now about midway through its experimental programe and its 

achievements can be usefully compared to the Project objectives, which 

are: 

1. The scaling of plasma behaviour as parameters approach the 

reactor range; 

2. The plasmawall interaction in these conditions: 

3. The study of plasma heating; 

4. The study of αparticle production, confinement and consequent 

plasma heating. 

At this stage, the first three aspects have been extensively addressed and 

a general pattern of the plasma behaviour has emerged. Consequently, it 

is possible to draw some conclusions relating to the requirements and 

parameters of a next device. 

The present paper is structured as follows. Section II summarizes the 

major results obtained on JET with their direct implications for a future 

thermonuclear reactor. In particular, a distinction is made between the 

achievements which can safely be regarded as steadystate (i.e. fully 

reactor relevant), and those corresponding to a more transient state of 

the plasma. Section III briefly describes a possible interpretation of 

the transport phenomena prevailing in a tokamak and its corresponding 

scaling. The performance of several 'nextstep' devices are also 

calculated using a simplified 1D transport code. General considerations 

governing the choice of a "next step tokamak'' are presented in section IV. 

In section V, a specific "thermonuclear furnace", JIT, is proposed as a 

desirable step towards a prototype demonstration fusion reactor. 

II MAJOR JET RESULTS AND CCNSBQUENCES FOR A REACTOR 

II.1 Achievements 

The technical features of JET and Che latest experimental results 

have been detailed elsewhere [1,2]. A number of major enhancements 

were carried out during the 1987 shutdown and are listed in Table 1. 

Fig.l shows the status inside the vacuum vessel at the beginning of 

the 1988 operational period (which is due to end in September). New 

features have extended the operational domain and, in particular, 

have permitted the following technical and scientific achievements. 

1. In quasi steadystate: 

plasma current, I . of 7MA. has been obtained for 2s; 

JET has operated routinely with I above 5MA and a current of 6MΆ 

has been maintained for 7s; 

ion and electron temperatures T ± and Τ_, in excess of 5keV have 

been sustained for over 20s at a plasma current of 3MA (see 

Fig.2); 

additional power up to 24MW has been delivered to a 5MA plasma 

producing a total energy stored of 8.8MJ (see Fig.3); 

plasmas were regularly observed during neutral beam heating. A 

record Ηmode at 5MA has been obtained. Transiently, during an 

Ηmode, the fusion product (η,·Τ,■!„) has reached 

SxlO^m^.keV.s at temperatures exceeding 5keV (see Fig.5); 

the total plasma energy content has exceeded 10MJ during an 

Hnode; 

the maximum neutron yield has reached 9x10* sn/s produced by 

deuteriumdeuterium fusion reactions during an Ηmode at 4.5MA; 

the plasma was heated by 1 2 W of deuterium beams at an energy of 

80keV; 

high peaked density plasmas were obtained by using pellet 

injection (n >10
ie
nr

J
). Consecutive onaxis ICRF heating of 

such target plasmas produced transiently peak electron pressures 

in excess of 1 bar. 

"monster" sawteeth are seen with ICRH (minority heating) during 

which q0, the safety factor at the centre, decrease below 1 (0.8) 

(see Fig.3). 

Consequences for a Reactor 

Plasmas of thermonuclear quality have been produced in JET and no 

adverse effects have been observed when both electron and ion 

temperatures reached thermonuclear reactor values. However, the 

record values of neutron yield, pressure and total energy have been 

obtained while the plasma was in a nonsteadystate situation. It 

seems wise to extrapola: e the performance of a future machine by 

starting from discharges already obtained and truly stationary. 

Transient improvements may prove to be useful to overcome the 

ignition pass but should not be relied upon when working 

quasicontinuously at full fusion power required routinely in a 

reactor. 

II.2 Energy Confinement and the Fusion Product 

Degradation of energy confinement with additional power is now a well 

known phenomenon. Recent experiments on JET have extended such 

observations to higher input power. Fig.6 shows the measured energy 

confinement time as a function of total power in JET for limiter and 

Lmode discharges. In this data, the time derivative of the plasma 

energy content does not exceed 10% of the input power. At high 

power, the improvement with increased current is obvious but a 

detailed examination of an individual scan shows a more complex 

pattern. The gain due to the current saturates in JET when the 

safety factor at the plasma boundary q_ decreases below 4, since 

flattening of the pressure profile results from sawtooth 

relaxations. 

Here the safety factor q_ is defined by the current. 

%' 
w 

(1) 

both electron and ion temperatures simultaneously in excess of 

1OkeV for 2s were observed at a plasma density of 2x10' ·πτJ (see 

Fig.4). 

2. In a transient situation (where density, temperature or internal 

inductance were still varying) 

The notation q. is used when q is defined by the magnetic flux. 

For the same input power but with a magnetic separatrix limiting the 

plasma  the so called Xpoint operation  the confinement of the 

plasma can bifurcate to a higher value, the Ηmode. Fig.7 shows the 

energy confinement time for JET Ηmode discharges. As previously. 
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tü· t ia · tettativi of tta· pisan energy conte«. Is aaall for 

osta, but the density Is « " ' rising »rill· tbs usaainluia Is 

decreasing. Mb significant ■«'"——■' wn t^rti"
1 bsaaaii stool· 

null and doubla null ■«■■—ţr* ttnia at low paar, t^ can aaasa 

Is (i.e. " τ — ' ■ '  to tne crade miflu—ir t i n ) . It can also 

sow · * y * * < «  · with paar at lasst as «avan as In the Izaoca. 

Similarly, i.mflia—nr I a m with Ip. 

In· ''^r*'*"·''" ot fliaaair t la · with tns Input paar Is 

ecnsldend · aajor threat to tns iinruss ot futur· toksa 

Ins difficulty to improve the fusion ninnerei (η^Τ^τ,) (and so the 

Ignition santa of · given ancbtaa) by tns only virtu· of irtUHnml 

paar i s lllustratad In Ftg.B. The major gains observad In JET 

raault «lthsr fro· temporary changas In tns ι nifliia—lir or froa 

In iwialnj tn* —o"—·
1
'· Bald and/or the currant. If the stealing 

I t a baat ila» ι It il inj tb· anargy irnflnaaanr In JIT continua to apply 

(2), than a raactor sust ba vary c lon to Ignition without any 

additional heating paar. Ibis asana that tba required taaparaturaa 

aust ba »**<■—< In tboaa conditions; tna iniaulnia of radiation and 

fusion croia· «action« utoeae In practica an awarnga taaparatura 

above 7kav. m addition, density aid taaperatun nava not a 

Stasatile «tract on iniflnaaanr: i t la ansiar to gat a hattar anargy 

conflnaaant at high danalty can at blob tastai ai lira. 

In tna plasaa canoa and Increased cenerai rail arlen lossas. 

The «crapeoil layer of tna JET ill man bava baan atudiad under 

various rw*irtm 15.6). in llnltar dlachargaa, the plaaea edge 

temperature ranges troa 25 to lOOeV. Increasing with tna Input power 

end darrwnalng with density. The acrapeoft thickness is typically 

lc·; this quantity i s Invariant under aost conditions, except that i t 

increases during IOV heating, m Xpolnt operation, all atoas and 

ni i . i« . recycling froa the dlvertor near the separatrlx are Ionised 

locally. 

for a Raactor 

U.3 aaislÊJSoDÊsaa 

The observation that the particle confinèrent tine is several tines 

the energy conllnenant tiae has consequences for the reactivity of 

the core of the plaaaa: i t will result In a relatively high 

concentration of lapurities and helium. Por high Ζ lapurities. the 

radiation loeaea say prevent anainaent of the required temperature. 

For law ζ lapurities. in addition to heliua produced by nuclear 

reactions, dilution of reacting ions will reduce the αparticle 

power. 

The snail acrapeof f layer thickness results in a high power load on 

any material in contact 4th the plasms. This prevents the use of 

puap1 Inri rers in a reaevjr In favour of an open dlvartor to take the 

plana exhaust, and will require sweeping the saparatrix over the 

dlvartor plates to reduce the mean peak thermal load. 

n.4 Planewall interaction 

Partida and impurity tranaport in JET have been studied under 

différant operating condition· [3,41. In most caen, particle 

confinement. Ilk· anargy conflnaaant, la anomalous. JET results 

point strongly towards a common explanation for heat and particle 

transport. For Instance, nultlpellat Injection produces peaked high 

danalty profiles but flat and lew temperature profiles occur in the 

chale regine. Increasing the central electron temperature by onaxls 

ICBF heating uegiaOn tns anargy confinement and results mostly In e 

""«Γ* ot the central danalty (1.·. ot the partici« confinamenti. 

In enea where the rollarne is delayed, energy confinement in the 

plasma centra la also batter than in usual additionally heated 

dlachargaa. The particle confinan«it tine la 510 tlnaa larger than 

the anargy conflnaaant tine. 

The anomaly In the partida transport prevanta impurity accumulation 

in the discharge centre. Combined with wallcarbonlzatlon. this has 

kept a low nta l l l c lapurlty contant in JET (10 *n#) and Z#f f2 Im 

baan achieved with larga additional cower. But tor aost of tna 

alacharon the steady etata asan value of z%tt ranges between 2 and 4 

with a radial profil· which tands to peak on axla. Radiation leena 

In the pline con ara anrgtnal, η long η the dominant Impurities 

a n ot low atomic number. Under condiţiona ot Improved energy 

conflnaaant. auch η rHaadw or peek density proflln. impurities are 

elao batter confinad. Especially In tna lattar can. the medium and 

lowt Impurities aaaa to accumulate raar the plaaaa axla. ahewtng 

neoclassical behaviour. This results in an increased deuterium 

A variety ot aatarlals have been und for wall protection and high 

heat flux componente 17). JET initially operated with nta l l l c 

walls, but tns Inner surface ot the vassal (»200a
1
) i s now sore than 

SOX covered with tina grain and carbon fibre reinforced graphite 

t i l n . The remaining ana la mitral «art by per tonalng glow 

dlachargn with scan methane content. The wall temperatura la 

maintained at i300*C. If previously conditioned by tuning 

(Hacharon in heliua. the carbon wall hn proved toba a vary 

affici ant pump tor deuterium during plasma dischargee [81. A variety 

ot aodels hava bean propoaad but experimental evidence froa JET 

supports the ««planarinn Involving cuiViialtlm of hydrogen and 

carbon In tne torn of aaturatad BC tUns. It la indeed observed 

that aere than 1030» of the deuterium Introduced Into tna vessel 

remains In the fon ot a detraiteli layer ot hydrocarbons. 

The dominant lmpurltln in JET plasau a n carbon and oxygen. Their 

total amount la controlled mainly by the Interaction ot tna plana at 

the limiter. During a discharge, erosion ot the limitar anteriul Ια 

observad at the point ot contact with the plana and redapoattsd 

slightly further outside, η shown in Fig.9. Major plaaaa 

disruption a n «oat efficient in usjeyeTIng materiala trea the 

Urat wall to the limiter. The la»» entaenn a n eepaialad froa the 

plana by a Faraday shield ands of pun nickel. Man the IOT paar 

Ια turrad on metal Is released tron Che aereen andean alão 

~>~<«—» tna limitera, m ensoluta taras, tbs nickel l imene Ια 

lew. —τ—<"y if the screen hn been previously oirhrrrlnd. but i t 
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Is planned to use beryllium in the future to take full advantage of 

this low ζ material. 

where the released energy Induces invariant outgasslng fron the 

wall. 

The increase in J»VH«I?W>I power and therefore of the neat load in 

JET has necessitated an increase in the material area in contact with 

the plasma. Belt limiters are now in use. whose power handling 

" T J  I I I H « I exceed 40MW for 10s (see Fig.l). For xpoint operation, 

eight graphite r^i^^i rings were installed to protect the top and 

the botta» of the vacuum vessel. Water coaled dump plates will be 

Installed during the next shutdcwn to increase the 40*J2s present 

power handling limitation. Protection t i les have been broken during 

Xpolnt operation and Fig. 10 shows the state of a graphite t i le found 

in the vessel. Nomnrnn to say, the falling t i le triggered a major 

plasma disruption. Carbon fibre reinforced graphite has been used in 

areas where impact of runaway electrons or neutral beams could occur, 

as these can withstand 3umsm» for a few seconds. 

Consequences for a Reactor 

The use of low ζ material for the plasma facing components seems 

s t i l l to be the best option. Graphite, as used up to now on JET, 

behaves generally well but problem areas have been Identified such 

as i t s role as an impurity source, i t s high chwirical reactivity with 

hydrogen and i ts high retention of hydrogen leading to problems with 

density control and with tritium inventory. Combi neri use of 

beryllium ™"*»ΙΗ» and of carbon fibre reinforced graphite i s a 

gaţiBiMa proposal but *·*ι« i s clearly an area where further research 

i s required. 

m order to avoid fragile cooling systems in the lunediate proximity 

of the plasma, the heat load at the divertor plates should be limited 

to 2MKm
a
. To spread the power over a large area and together ease ' 

the accuracy required in the shaping of the ti les, the best way seems 

to snoop the Xpolnt radially. 

II.5 Operational Limits 

The nywHiw™ thermal and mechanical stresses In a tokamak are 

experienced during plasma major disruptions. The plasma thermal 

energy i s dumped on the ' " > " and about 50% of the rrfl"1rta1 

magnetic energy i s «—riρ»*·* In the vessel walls. Toe timescale 

ranges from lOOus for thermal dump to tens of milliseconds for the 

dissipation of eddy currents. In addition, runaway electrons are 

produced In the decaying plasma and can deposit their energy on very 

small spots (up to 500tUm>). When the elongation becomes too large 

(ţi.8), a vertical Instability can develop followed by a disruption, 

m this case, with high currents, verri ral forces acting on the 

vacuum vessel have been measured up to 350tonnes. 

Major disruptions occur when the power radiated by the periphery of 

the plasma, around the α.=2 surface, exceeds the Input power in this 

area or when a=2 at the plasma boundary. Therefore, they occur 

preferentially when attempting to Increase the plasma density above a 

limit, which <s*yivta on the Input power and on the cleanliness of the 

plasma (see Pig. 11) or when attempting to work at a too low g^ value. 

These can also occur accidentally when a piece of wall material falls 

Into the plasma or subsequent to the crash of "monster" sawteeth 

Internal disruptions (or sawteeth) present another limitation In 

performance which can be achieved In JET. The Increased volume 

Inside the o.=l surface i s the most likely reason for confinement 

saturation observed in JET when «^ < 4. Fig. 12 shows the saturation 

of the Incremental confinement time Tj^t" 8W/8P) when i/B(m/T) 

exceeds unity In JET (i.e. when a < 4). 

So far, JET performance has not been Umlfpfl by Β values that are too 

high, m experiments performed at 1.4T, and with lOhW ICFF power, 

the dlmansionless factor g  a.B.B/ï has not exceeded 1.6 (i.e. 60* 

of the Troyon limit). 

Consequences for a Reactor 
The Ignition domain of a reactor must be large enough to avoid 

operational limits experienced In present days tokamaks. A major 

disruption at full current cannot be completely excluded and the 

machine must be able to support the resulting stresses, but 

repetitive disruptions must be avoided. This means that the required 

performance should be achieved at 0,12.5 with a reserve In β and with 

a low enough heat lead on the wall. On the other hand, i t can 

reasonably be expected that the ohmlc density limit will be avercene 

In the presence of strong αparticle heating. 

Large Internal disruptions must also be avoided to ensure a smooth 

bum of the plasma. By contrast with the present situation, monster 
sawteeth could be deleterious In a reactor. This depends upon the 

steadystate current profile, but operating at a medium value of ţL, 

may be necessary. The size of an ignition device must ensure that 

the central temperature Is large enough even In these conditions to 

sustain production of fusion power. 

Π.6 neutron Yipirt 

KaxljiuE neutron yields approaching 10
la

n/s* have been observed in 

JET. maximum values of Ojj, on JET are »4x10«. In a similar 50k 

deuteriumtritium plasma, the irwxlnira corresponding rado Qm would 

be In excess of 0.1. It must be noted that In these conditions, 

about half of the neutrons result from reactions between the Injected 

beams at 70/B0keV and the target plasma. The other half are produced 

by true thermonuclear reactions. At low electron density with 

neutral beam injection, the Ion temperature, T±, significantly 

exceeds the electron temperature, τ . Only a comhlnation of NB and 

Neutron fluxes in JET have already been sufficient to induce a 

nonnegligible radioactivity of the limer centonante of the vacuum 

vessel. When tritium i s Introduced In JET In 1991, the total value 

of the ratio 0^, Is expected to exceed O.S. This corresponds to a 

total nuclear power of about ISMrf. taking also Into account the 

beamplasma réactions. Already, In a DT plasma, at the achieved 

temperatures, the percentage of high energy αparticles will be 

alarti »y to those of a plasma at Ignition; i t may then be possible to 

observe the effects of those αparticles in the plasma behaviour and 

to cempare with energetic minority Ions created by KRF. 
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the range of variation la 

The topology of the magnetic field 

Sawteeth bave tobe taken into account 

through tba abar (vg/q>). 

when q reaches unity in the 

H» behaviour of the beet flow aeree» the plane can be cowered with tha 

flow of water inside a pipa. A transition occurs at a criticei velue of 

the pressure whan the t™*«i—f flow sets In at the crltlral Reynolds 

number (an Fig.13). Be.. (4) ■<——<>«· a stallar behaviour far the hast 

How to a tokaak «tan the transition to gremirmi transport occurs above 

a criticei laniiiiliiie gradient. 

This τ»'·*"'·· aodel giv» e generel acaling of the following form for the 

asyaptotlc behaviour (at high power). 
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»tere g_ la the Trovan factor and α reflects the uncertainty in the 
. Bq.(3) 

(6) 

(7) 

(*)" 
voBjlf 

(3) 

Giocai scaling» are useful but only knowledge of radial profiles allow a 
proper evaluation of plane partamene«. Using Ba.. (24) in e 1D 
transport code, good simulations not only of JET results but also of 
other tokaaks heve been achieved 19,10]. 

The sain predictions for JET are given in Table III. where only the 

thermal ooeponant of the αparticle production la taken Into account. 

This sedei na» been also und to predict the s i n of an ignition device 

and i t s condition» of operation. It appears that to Ignite within a 

sensible Ignition danto, e tokaak with plane current capability of 30» 

and with a toroidal field of 45Γ la required, i .e . the parameters chosen 

for JIT. Calculation» have aleo bean undertaken for variou» nextstep 

proposals: Ignltor, >ΕΓ Π end ITER. The dimensions end parancera und 

are given in Table H. 

where χ la in a>a>, Τ In kaV, η to 10»In'. B t̂o T. lengths are in m. and 

nj in V/«.· Ta and n^ are the electron temperature end density. Tj the ion 

temperature, η tha plaaa resistivity. J the current density. B( the 

toroidal agnatic field, and r# the electron hast flux. 

If. ITTI > tVT„). and 7q > 0 

(4) 

m addition, tha lona babava in a atollar way: 

Xian
N
Xon 

mj 
·*»

 r
i ' *i» »  vrT* "i "i (5) 

tonulae ere »till aubject to son doubt about pp uependeiKe n the 

ire not preda enough, (tor Instance, e ueumOanu« on íp
H could be 

m then simulations, radiation and dilution caused by Impurities ware 

taken into account. The hypothesis la that only low Ζ topuritles (Z % 7) 

are ι «il. giving 30k radiation of the total heating power (which 

Include the losses due to recycling particles and charge exchange at the 

edge). In addition to the Bremsstrahlung which i s consistently 

calculated across the plaaa. 

Sawtooth behaviour Inside the q ■ 1 reglen playa an Isportane rola for tha 

ion and electron central taspsreture. when sawteeth are fully effective, 

the electron and Ion tapereture and tha current density are flattened 

Inside the q · 1 region (en Flos. 14. 170»). In "amam* sawteeth 

cana, the teeperature of electrons and Iona are allowed to develop end 

the safety factor value la lapond at the centre (an Pigs. 15. 16, 17(e)). 

The density profile i s not calculatul but taken as given by experiment. 

Generally, thla Is a relatively Oat profila («(l(jj)'l* or even flatter 
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Improved confiraient, mainly due to a peaked density profile, seems 
unrealistic in a semicontinuous reactor where there are no particle 
sources to maintain it. 

fast enough to maintain the plasma reactivity. Already a particle 
diffusion coefficient 5 times lower than the neat diffusivity, as it 
is observed en JET, will affect the power output of the reactor. 

In this model, increased Htnode confinement is due to pedestals developing 
in regions of very high shear near the separatrix, but the main core of 
the plasma behaves as an Lmode (see Pig. 16). At high power, gains from 
the Ηmode might disappear as the relative influence of the separatrix 
weakens. Taking into account impurity behaviour, a stationary Hmode 
has not yet been found experimentally, which precludes considering its 
enhanced confinement for a reactor. When ELMs are present, operations 
closer to steady state have been observed, but are generally associated 
with a partial loss of confinement. Nevertheless, in a transient way an 
improved confinement regime (Ηmode, monster sawteeth) could be useful to 
ease the transition to an ignited plasma. 

IV.2 Questions Relating to First wall and the Plasma 

Before a power reactor can be built, the following problems involving 
the plasma and the first wall still need to be solved: 

1. plasma wall interactions: fuelling, exhaust and level of 
impurities; 

2. concept of the first wall with the high heat transfer elements, 
erosion of the limiter and divertor plates, and retention of 
tritium within the first wall; 

Predictions for proposed future experiments are given in Tables IV and V. 
In those tables, the factor g does not include the pressure generated by 
the αparticles and brackets indicated that the additional power has been 
switched off when the αparticle power has reached sufficient level. No 
bootstrap current has been included. 

One conclusion of the simulation is that it is extremely difficult to vary 
the electron temperature (and consequently the ion temperature) in a 
tokamak, without involving heating power larger than the αparticle 
heating. In other terms, ignition could almost be reached without 
additional heating; only a modest level would be required in a machine 
lixe JIT (2550»/). The increase in thermonuclear power is realised by 
Increasing the density at almost constant temperature (see Fig.17). 
The cases labelled "ohmic and α with monsters" in Table IV and V, can be 
used to compare the predicted ohmic performances of the various machines. 
Compact high field machines generally suffer at high densities from an 
insufficient temperature giving rise to a high level of bremsstrahlung and 
to a low reactivity, even if the confinement appears good (see Fig.15). 
In general, except in JIT, sawteeth are able to destroy ignition at low q. 
NET II should behave almost as JIT and therefore has a larger ignition 
margin than ITER, if technology development is sufficient to permit the 
parameters in Table II to be reached (see Fig. 17). 

3. necessity of maintaining smooth operations free of disruptions, 
giant sawteeth, collapse of Ηmodes, etc. 

IV. 3 NextStep Device 

A nextstep device could be aimed at producing a full reactor plasma 
reactor and at demonstrating that solutions for the first wall and 
smooth plasma operations could be found. Such a plasna will require 
a very long burn (̂ 30 mins) and a high duty cycle (semicontinuous 
operation). Such requirements mean that it will also be possible to 
test the concept of different blankets for DErtD. This specific 
choice allows a large ignition domain depending on q and on plasma 
density: the power produced could vary in the range 50Û4000MW. The 
best way to reach ignition appears to start with a plasma at a 
relatively low density with a moderate current of 25MA and to 
increase the density and plasma current when ignition is reached to 
produce a power level of several CW (similar to that of a reactor). 
This should demonstrate the potential of fusion as an energy source. 
Such a device is referred to as a "thermonuclear furnace" and a 
possible choice of parameters (JIT) is given in Table VI. 

IV.4 SemiContinuous versus Continuous Operation 

This code also predicts that, with monster sawteeth or with an Hmode 
pedestal at relatively low density, JTT could reach ignition without 
additional heating. 

TV POSSIBLE NEXT STEP TOWARDS A DEMONSTRATION REACTOR (DPP) 

IV.1 Reactor Studies 

Reactor studies show that the thickness of the blanket and shielding 
inside the coils, e,, should exceed lm (i.e. 1.52m). To use the 
magnetic field efficiently, the plasma radius, a, should be greater 
than 2(e_+e /3), where e is the tnmldnl coil thickness; this gives 
as a minimum size of a=3m [11]. with a toroidal field of 45T, and 
an elongation of 2, the plasma current capability of such a machine 
should be over 30MA. Such a reactor should be able to ignite in the 
Lmode without problems of confinement. It can be seen that too high 
confinement might even have a negative Impact on the Impurity level 
and on the exhaust of the helium produced; the rate of diffusion of 
helium towards the wall and of fuel towards the centre needs to be 

One of the questions which has an overall impact on the choice of 
solution and on the very concept of a reactor is that of the 
necessity of continuous operation, which seems almost incompatible 
with the concept of ignition. 

In a reactor, the central temperatures should reach 25keV or more and 
therefore the voltage per turn will be extremely low (MD.05V or 
less). Flux consumption of 100V. s during the flattop will ensure a 
b u m time of more than 30 mins which could even exceed 1 hour in the 
presence of bootstrap currents near the beta limit. A high duty 
cycle could be obtained by reversing the plasma current when the 
transformer has reached saturation. 

Continuous operation of a tokamak is more complex in terms of physics 
and equipment. High energy neutral beams or radiofrequency 
techniques are required to drive the current. However, the 
efficiency of noninductive current drive is quite low compared to 
the use of a transformer and the gain in the duty cycle may not be 
significant. In addition to the cost and the complexity of equipment 
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needed for current drive, üve recirculating energy wou-d also 
increase the overall cost of electricity produced Dy an amount which 
could become a dominant factor and condemn such a concept. 

Cn the other hand, aemi-ccntinuous operation requires a moderate 
intermediate thermal storage or a set oí tokamak-reactors working 
together. The main advantage of continuous operation is to reduce 
the thermal fatigue of components inside the reactor but as long as 
the burn Ume is longer than 1 hour this may not be important. 

In conclusion, semi-continuous operation with long b u m for a next-
step device seems to be a proper solution taking into account the 
complexity of non-inductive current drive and its doubtful relevance 
for a reactor. 

parameters are scaled up fron. JET by a linear factor of 2.5 and 
several elements of the JET concept are maintained. 

To mir.ir.ize technical risk, size of the coils, shielding and overall 
cost, water cooled copper magnets are proposed but superconducting 
magnets could be envisaged, if advantages compensated for the extra 
complexity. Low current density is used in the water-cooled copper 
colls to allow continuous operation. A large flux swing (^400V.s) 
would also provide the necessary drive to maintain the flat-top 
currents for periods up to one hour. 

A general view of the apparatus is given in Figs.18 and 19. It 
should be noted that the magnetic circuit is also used as a radiation 
shield around the machine. 

TV.b Tritium consumption V.2 Vacuum Vessel. Toroidal Coil. Mechanical Structure 

The consumption of tritium is proportional to the energy produced 
5.5g/GW h; it is also proportional to the product of the fluence and 
the surface area of the walls. If a certain fluence is required for 
testing blanket elements of a given dimension, and if parallel 
testing of different blankets can be done, the consumption of tritimi 
will be equivalent for various machines. If parallel testing cannot 
be done, the consumption of tritium will be proportional to the 
surface area which may not vary more than a factor 2 between 
different concepts of next-step device. 

To maintain simplicity and considering the duty cycle and tritimi 
consumption in the next machine, a breeding blanket seems an 
unnecessary complication tor an apparatus which is unlikely to test 
any blanket material at high neutron fluence. For the next step, 
although sane test modules of breeding blankets could be introduced. 
only neutron shielding has to be provided. 

IV.6 Conclusions on a Next-Step Device 

In conclusion, the next generation of tokamaks must demonstrate that 
an ignited and burning plasma at high power with semi-continuous 
operation can be realised. 

The aims of such an experiment could be: 
to study the ignition domain; 
to test wall technology; 
to test some breeding blanket modules for DEMO; 
to demonstrate the potential of fusion as an energy source. 

From JET results, such a machine can be defined, but it requires a 
large ignition domain to operate safely with minimin scientific 
risks. In the same spirit, technical risk for the apparatus must be 
kept low and the simplicity of the concept must be paramount. 

V DESCRIPTION OF THE THEPMCNJCLEAR FUflWCE 

v.l Introduction 

The main design characteristics of a thermonuclear furnace (JIT) to 
meet those objectives are presented, of which the main priorites axe 
simplicity and sturdiness of concept. Basically, the plasma 

The device concept is based on a highly integrated and modular 
construction where all the elements would be manufactured on-site, as 
transport of components of this size would not be possible. 

The machine basically consists of 20 sectors supported radially by 
a cylinder formed by tir» ohmic transformer. Each of these sectors 
integrates the toroidal coil, the vacuum vessel and the mechanical 
structure (see Fig.20). These different sectors are assembled 
together by welding flexible lips. The torque Induced by the 
vertical field is taken in shear by the light structure which 
encloses the toroidal coil. This structure around the toroidal coil 
is sufficiently thin to allow the plasma current to penetrate through 
the torus. An insulated mechanical element on the external part of 
the coil directly transmits the shear forces. 

The coils are made of a single pancake of water cooled copper 
corrugated in order to transmit the shear forces while the insulation 
remains purely in compression (see Fig. 21). This feature would allow 
the use of a purely inorganic insulator for insulation of the coil 
inner turns, making it possible to withstand high radiation levels. 
At 4.5T toroidal fields, the power dissipated in the coil would be 
1.3GW and the stresses in the copper or in the vacuum vessel 
structure remain at an acceptable level. 

V.3 Pololdal System 

The magnetic configuration contains a single null X-point (see 
Fig.22), where the x-polnt is located in the lower position to allow 
the foundations to take the extra forces resulting from the presence 
of the separatrix giving more access at the top of the machine. This 
position also decreases the risk of broken tiles falling Into the 
plasma. The presence of the X-point would allow transient H-mode 
operation during the transition to ignition, but its main purpose is 
to provide pumping of the plasma at relatively high pressure. 

The position of the poloidal coils is similar to that in JET. The 
coils are 3itter type and made by sectors of thick copper plates 
Í3-4CT.) welded together (see Fig. 23). water flowing through holes 
perpendicular to the plates provides essential cooling. The 
insulation is not bounded and the whole could be immersed in water. 
These coils are supported by a magnetic circuit which also provides 
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radiation shielding, The magnetic circuit is ccnceived as a massive 
metallic building. This concept allows the use of ordinary concrete 
for the foundations and the other elements of the external building. 

Tne total flux swing of the onmic transformer is 420V. s and the 
maximum resistive consumption is ·ν350Γ*ί. The flux needed to 
establish the magnetic configuration at 30MA is 270V.S leaving 150V.s 
for resistive dissipation during the startup phase and flattop. 
Table IV shows that the loop voltage during flattop could be as low 
as 0.04V.. 

V.4 Internal Shielding and First Wall 

The shielding is made of several elements which could be 
dissassembled remotely without dismantling the main apparatus 
(see Fig.24(a) and ib)). Each of these elements is made of a single 
box structure filled with pebbles of metal directly cooled by water 
(see Fig.21). One of the main problems in maintaining shielding 
efficiency is the presence of gaps to allow remote handling and 
thermal expansion of the different elements. These gaps reduce the 
shielding locally and could permit a high neutron flux to reach the 
coils. The overall layout includes a series of thicker elements 
which could easily be replaced by reactor relevant breedingblanket 
test nodules (see Fig.24) without any modifications of the initial 
shielding and of the plasma parameters. 

The first wall itself is formed by the surface of the shielding box 
facing the plasma with only local protection by carbon tiles which 
radiate energy received at a temperature *\.1500°K. These tiles would 
serve as a protection against disruptions from runaways and would 
rrainly cover the inner wall and top and bottom of the machine. 

A continuous deposition of beryllium could ensure that the first wall 
seen by the plasma is of beryllium or its carbide. This would help 
to limit sputtering and outgassing of the tiles. This design does 
not present major problems at a load of 2MW/mJ for the fusion power 
produced. The main parameters of the first wall are given in the 
Table vii. 

V.5 Divertor 

The divertor presents the main technical challenge in the design of 
inner wall components. This challenge can be reduced to a managable 
level if the region of high power deposition is expanded over a 
larger area. This can be achieved by moving the Xpoint vertically 
or horizontally using the existing coil set or preferably by using a 
set of internal saddle coils. Alternatively, the movement could be 
achieved by oscillating divertor components horizontally. The main 
advantages of this scheme would be: 

no need to position the divertor components with mm accuracy (as 
required in JET) and a feedback technique could be used; 
in spite of high local thermal loads, the average load remains 
small; 
heat transfer to the cooling medium corresponds to the average 
load; 
lifetime increases by reducing the ratio of peak load to average 
load: 
to compensate for erosion, material (beryllium, hydrocarbons) 

could be injected; 
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deposited and redeposited layers are burned off before they can 
flake and before large amounts of tritium could accumulate. 

For the movement, the limiting factor is the sweep frequency which 
should be low enough to allow a relatively simple set of additional 
coils in the vacuum vessel, but on the other hand, should be high 
enough to minimize thermal stresses in the divertor material. 

Fig.25 shows a crosssection through the divertor region, in which 
the divertor plates extend above and below the xpoint. These 
receive only a moderate average power level of 1.3Mrtrr * from 
radiation and conduction. The Xpoint can be moved horizontally by 
local saddle coils. The target tiles intersect the magnetic flux 
surfaces at a small angle of incidence and therefore a small radial 
displacement of the Xpoint allows a distribution of the power load 
over the whole divertor surface. 

The material proposed for the divertor plates is 40mm thick carbon 
fibre graphite. It is brazed in lOxlOmm1 surface area blocks to 
water cooled copper plates of 10mm thickness. The average heat flux 
(conduction plus nuclear heating) is M . 8Mrttr » which could be removed 
without having to resort to two phase cooling. In the proposed 
design, peak surface loads during the sweeping of the Xpoint would 
be about a factor of five higher than the average load (ΜΌΜΛιτ1

). 
For the calculation of thermal response, the high thermal 
conductivity of the fibre graphite was not taken into account as it 
degrades at low neutron doses (M0 "ση  1

) to that of fine grain 
graphite [12]. For a sweep frequency of 1Hz, surface thermal 
stresses would be about 25MPa in compression (limit lOQMPa) and the 
peak temperature would be M400K. The material thickness is mainly 
limited by the average load and the resulting front temperatures. 

It is proposed to continuously cover the graphite divertor with a 
thin layer of beryllium to take advantage of the good properties of 
both materials. A beryllium carbide layer would be formed 113) at 
temperatures above 700K. It is envisaged that such a scheme will be 
confirmed in JET. 

The lifetime of the divertor plates would be determined by the 
erosion due to particle impact. A detailed modelling of the plasma 
edge and the divertor region is required to assess particle fluxes 
and energies. This is presently not yet available. Therefore, a 
worst case assessment is made. The energy (^OOeV) and the 
temperature (V750K) of the maximum sputtering yield is taken for the 
sputtering of carbon by deuterium. When smaller than unity, the self 
sputtering of the divertor plates is one of the mechanisms which 
determines the redeposition rate [7]. 

Neglecting any increase in lifetime of up to a factor 310 due to 
lower particle energy, possible suppression of chemical activity and 
redeposition, the lifetime should be at least two months of 
continuous operation at a level of 2.5GW of thermonuclear power. The 
purping is carried out by cryopumps with charcoal. 

.6 Auxiliaries and Buildings 

1. Additional Heating 

As has been seen in the simulation, JIT could reach ignition with 
ohmic heating alone during monster sawteeth or in the Hmcde 



regime. Nevertheless, it would be prudent to consider a moderate level of additional heating of %50Mrf. which could be ion 
cyclotron heating (analogous to that in JET). This power would 
only be used In a transient voy (with increased efficiency to 
that in JET) : the poner density 1» lower and the coupling would 
be improved as more room would be available for the antennae. 
The radio frequency antennae would be an integral part of the 
shielding and vacuum vessel in the outer regions. This choice 
also ensures that the centre ot the pisano could be heated. 

2. JET data show that a tokamak with a plana current capability 
around 30» is required to produce ignition of a D-T plasma in a 
practical dosalo, with lower values of current, the risk of not 
achieving ignition is large. If sawteeth. impurity radiation, 
dilution etc.. are taken Into account. 

3. In an optimized reactor, the size would be defined by the blanket 
and this leads to a tokamak with a current capability greater 
than 30MA-

Tritium Plant 

Little study has been done on the tritium plant but a modest 
upgrade of the JET tritium plant should be sufficient to feed the 
machine. The pumping is done using cryogenic techniques for 
hydrogen isotopes as well as for helium. Extra elements for the 
detritiation of the cooling water might be necessary. As a full 
breeding blanket is not envisaged, there is no corresponding 
plant. 

Building - Cooling Plant 

4. Confinement would no longer be the dominant problem. However, 
major uncertainties are in the areas of plasma-wall interaction, 
fuelling, exhaust and Impurity control. 

5. Technical considerations of stress level, wall loading and 
economy result in a concept of a "Thermonuclear Furnace" 
producing a thermal output of several GW in semi-continuous 
mode. 

6. This device is aimed at demonstrating Che potential of a Tokamak 
Reactor and to test wall technologies and breeding blankecs. 

The first concept of the building to house such an experiment is 
shown in Fig. 19. This building includes all the facilities for 
remote handling, maintenance and dismantling. 

The cooling power for such an installation must have a peak 
capability of 6CW. but a much lower average requirement. The 
method of achieving such cooling depends strongly on siting. The 
preferred solution would be to take cold water from a lake or 
sea. The hot water produced during the peak operations could be 
stored temporarily. 

V.7 Cost and Ture-Schedule 

An approximate cost for such an experiment has been derived from data 
collected at JET. The cost of the main components is shown in Table 
VIII. which does not include the test blanket modules. This brings 
the total construcción cost Co a value close Co MOOMloBcu (1988) 
without contingencies. Including contingencies and overall cost; 
2500MloBcu seems realistic. 

Up to «00 professionals over a period of 8 years might be necessary 
to construct such a device. 

7. For such a device, priority muse be given to the simplicity and 
reduction of technical and scientific risks. 

If a European programme is to continue, it is important to build on JET 
achievements and retain and utilize the skills and expertise of ics staff 
as well as their dedication to demonstrating controlled fusion power. To 
meet chese objectives a next step must be conceived which clearly 
establishes the pocencial of fusion as a major source of power. Such a 
device must give a high priority to simplicity of design wich minimal 
technical and scientific risks. It is a Thermonuclear Furnace of several 
cw. JIT is such a device which seems compatible with the technical and 
financial capabilities of Europe and would prove chat fusion is 
potentially a major source of future world energy. 
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Table I 
Major enhancements to JET 

carried out in 1987 

Extensive improvements to the main poloidal 
circuit to give: 

improved Xpoint operation 
improved control of current rise phase 
increased voltsecond capability 

New dual belt limiter system 
(carbon liles on a water cooled base) 

plus, carbon tiles on all exposed surfaces 
(specially shaped al Xpoinl target) 

Eight lCRF antennae between the belts 
(water cooled carbidised nickel Faraday 
screens; carbon side liles) 

Second NB1 box 
(first injection, into JET May ¡988) 

Cryo pellet injection system 
(single pellet using Garching gun; 
multiple pellet using ORNL gun, in 
collaboration with USDOE) 

Improved vessel mechanical restraints for 
disruption protection 

Increased diagnostic capability, especially: 
Time of flight laser scatter system (LIDAR) 
to measure Tr(r); ne(r) 
Farada> rotation Polarimeter 
to measure B„(r) 

Table Π 
Main parameters of various devices simulated 

with the 'critical temperature' code 

JET 

ITER 

JIT 

Ignitor 

NET II 

R 

m 

3 

5.8 

7.5 

1 16 

6 

a 

m 

1.2 

2 

3 

0.43 

2.2 

k 

1.7 

2.2 

2 

1.8 

2.2 

B, 

T 

3.4 

5.1 

4.5 

14 

5.4 

Add.Power 

MW 

40 

100 

50 

10 

50 

"p 

MA 

7 

20 

30 

12 

27 
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Table III 
Predictions for JET; 'critical temperature' simulations 

Device 

JET 

(MA) 

7 

7 

7 

6 

7 

neo 
(10"m

3
) 

7.5 

7.5 

7.5 

7.5 

4 

Zeff 

2 

2 

2 

2 

2 

Padd 
(MW) 

0 

40 

40 

20 

20* 

Tw 
(keV) 

3.5 

12 

5.6 

11 

25 

Te 
(keV) 

2.6 

5.2 

3.7 

5.2 

5.8 

Pa 
(MW) 

0.014 

2.2 

0.5 

2 

2.5 

g 

0.24 

1.22 

0.86 

1.6 

0.94 

POH 
(MW) 

5.6 

3 

3.2 

1.4 

2.1 

Regime 

ohmic q = 1 

monster 
Lmode q = 0.8 

Lmode q = 1 

Hmode +monster 
q = 0.8: Pedestal 

T„ = 1.5keV 

Hot ion Lmode 
monster q = 0.8 

'NBI heating; 80% of the power coupled to ions. JCHB8 158 4 

Table IV 
Predictions for JIT using 'critical temperature' simulations 

Device 

JIT 

I P 
(MA) 

30 

30 

20 

20 

20 

neo 
(10

19
m

3
) 

5 

5 

10 

10 

10 

Zeff 

2 

2 

2 

3 

3 

Padd 
(MW) 

0 

0 

(50)* 

50 

(50)* 

TÍO 
(keV) 

5.6 

25 

29 

10 

32 

Te 
(keV) 

3.9 

11 

15 

5 

12 

Pa 
(MW) 

0 

9 0 " 

511 

51 

262 

g 

0.25 

0.77 

3 

1 

2.3 

P O H 
(MW) 

18 

5.5 

0.75 

5.9 

20 

Regime 

ohmic without « 
(q = 1 sawteeth) 

ohmic + a 
monster q = 0.8 

Ignited 
Lmode 

Sawteeth (q = 1) 
Ignited 
Lmode 

Sawteeth (q=1) 
Lmode 

Monster Ignited 

Brackets indicate that Padd has been switched off when P„ was large enough. 
Pa still rising. 
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Table V 
Predictions for different experiments; 

using 'critical temperature' simulations 

Device 

ITER 

ΝΕΤΙΓ* 

Ignitor 

(MA) 

20 

20 

20 

27 

12 

12 

neo 
(10

19
rrr

3
) 

15 

15 

5 

5 

100 

100 

Zeff 

2 

2 

2 

2 

2 

2 

Padd 
(MW) 

100 

(100)· 

0 

0 

10 

0 

T¡o 
(keV) 

18 

30 

9.8 

13 

9.2 

8.2 

Te 
(keV) 

11.7 

13.2 

4.5 

6.3 

4.4 

4 

Pa 
(MW) 

300 

380 

4.5 

13.3 

11.6 

8.3 

g 

2.1 

2.4 

0.27 

0.3 

0.7 

0.62 

POH 
(MW) 

1.9 

2.2 

9.8 

11 

25 

27 

Regime 

Lmode Q= 15 
q = 1 

Lmode 
monster q = 0.8 

Ignited 
Ohmic +a 

monster,q = 0.8 
Q = 2.3 

Ohmic +a 
monster Q = 6 

Monster Q =1.7 

Ohmic +a 
Monster Q= 1.5 

* Brackets indicate that P,dd has been switched off when Pa was large enough. 
"At 27MA NETII ignites with 50MW of additional power. 
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Table VI 
Main Parameters of a Thermonuclear 

Furnace (JIT) 

Plasma minor radius 

Plasma minor radius 

Plasma major radius 

Plasma aspect ratio 

Flat top pulse length 

Toroidal field (plasmé 

Plasma current 

Volt seconds 

Additional heating 

Fusion power 

(horizontal) 

(vertical) 

ι centre) 

(m) 

(m) 

(m) 

(s) 

CO 
(MA) 

(Vs) 

(MW) 

(MW) 

3 

6 

7.5 

22.5 

10004000 

4.5 

30 

425 

50 

5004000 

P C « M * e 'A 
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Table VII 
JIT: Loads on Wall Components at 3 GW(th) 

Surfaces 
Wall 
Divertor (swept) 

Wall loads 
Nuclear heating (graphite) 
Radiation 
Neutron flux 

Divertor loads (when swept) 
50% radiation on 300 m2 

50% conduction on 200m2 

Nuclear heating (graphite) 

(m2) 
(m2) 

(MWrrr3) 
(MWm-2) 
(MWm-2) 

(MWm-2) 
(MWm-2) 
(MWm-3) 

1660 
190 

12 
0.2 
1.5 

1 
1.5 
12 

J CR 88 1583 

Table Vin 

JIT: Cost Estimate 

Machine 
Poloidal coils 
Toroidal coils 
Vacuum vessel 
Shielding, First wall 
Mag. circuit 

Auxilliaries 
Building 
Heat Exchanger 
Tritium Pumping 
Remote Handling 
Power supply 
Additional heating 
Control 

Machine 
Auxilliaries 
Personnel 

Total 
Contingencies 20% 

165 
261 
64 

100 
60 

650 

200 
150 
70 
50 

150 
180 
150 

950 

650 
950 
200 

2000 
400 

MECU 

MECU 

MECU 
MECU 

A4IO 



Fig. 1 Status inside the JET vacuum vessel after the 1987/88 shutdown. A large fraction 
of the vessel was covered with carbon tiles and the metal surfaces were blackened by 
carbonization. The inner wall protection tiles, the bottom tiles on which the separatrix 

lies, the belt limiter, the antennae and their protection frames are shown. 
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lp 
(MA) 

Τ 
(keV) 

ne 
(Λ"

3
) 

Long pulse operation : ^ m n . 
Ip = 3MA, Padd=5MA ICRH 

Plasma Current and Peak, ne,Te and T¡ 

10 

0 

Pulse No. 16839 
■Peak Electron Temperature 

Peak Ion Temperature

8 12 16 
Time (s) 

20 24 

Fig. 2 Quasistationary plasma of duration exceeding 30 s at 
temperatures in excess of 5 keV. The 3 MA plasma was heated by 5 MW 

ICRF power. 

High additional Heating up to 25 MW 
Plasma Current and Peak, ne,Te and T; 

8 
Ip 

(MA) 
Τ 6 

(keV) 
"e 

(■0°m
3
) 4 ^ · 

/^\ Central Electron Densrty
v * Peak lon Temperatur 

Ρ 
(MW) 12 

Peak Electron Temperature 
λ 

Plise Να 16158 

Plasma Curent 

NB Power CRH Power 

10.0 tin 
Time (secs) 

Total energy stored : 8.8 M J 
Monster sawteeth are seen (q < 1 ) 

Fig. 3 Evolution of a 5 MA plasma when heated with 
additional power reaching 25 MW, as shown in the 
lower figure. The toroidal field is 3.2T and the stored 
energy is 8 MJ. The presence of giant sawteeth during 

the heating is clearly seen. 
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Fig. 4 (a) Peak electron and ion temperatures as a function of time 
during RF and NB heating; (b) Density and electron and ion 
temperature profiles at 12.2s for the same pulse No. 16066, which was 

a doublenull Xpoint plasma at Ip = 3 MA, 5 0 = 3.2T. 
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50 
Te 

(keV) 

4.0 
η« 

(10« m3
) 

ao 

2 0 

1.0 

Hmode Single Nul, I p = 4MA 
Pacjd = 12 MW MI., energy stored =10 MJ. 
Density and Temperature Profiles at 14.0 s 

20 24 28 32 
Major Radius (m) 

Fig. 5 Density and temperature profiles for a 4 MA Hmode 
plasma with a confinement time reaching 1 s. The fusion 
product (nD T¡ τΕ ) reached 3.4x 1020m"3keVs. It should be 
noted that the density profile is hollow and that a temperature 
pedestal is not apparent (may be due to poor radial resolution 

(~10cm)). 

1.0 

Limiter & Lmode 
x IMA(Xpoint) 
D 2MA 
O 3.3MA 
o 5MA 

10 15 
[Ρ,  dW/dt] (MW) 

Fig. 6 Lmode confinement time, τΕ, data versus input power, 
showing degradation with power. The strong degradation of 
confinement time and the beneficial effect of plasma current 

is clearly seen. 
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Confinement Trne versus Power 

15 

10 

0 5 

Hmode 

5 10 
[PtotdW/dt](MW) 

15 

Fig. 7 Ηmode confinement time, τΕ, data versus 
input power showing clear degradation with power. 
However, confinement is improved by a factor 2 to 

3 over the corresponding Lmode case. 
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Fig. 8 Fusion parameter as a function of central ion temperature 
for various fusion devices. The mode of operation relevant for 
a reactor is where the electron and ion temperatures are nearly 
equal at values between 15 and 50keV. The high density/low 

temperature region is forbidden due to radiation losses. 
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JET BELT LIMITER 
cooled by radiation between pulses 

Water Fin Carbon Tile 

C ΠΙ intensity -
(arb. units) 

redeposition 

I Pulse No. 15727 
Ip=6MA 
b/a =1.5 

Fig. 9 Cross-section of the belt limiter with radiating tiles on 
water cooled fins. The carbon intensity is shown together with 

erosion and redeposition zones. 

Fallen Tile 

Fig. 10 Picture of the bottom of the JET vacuum vessel taken with a remote handling 
viewing system. A graphite tile which failed during X-point operation is shown. 

A416 



\ 

0.7 

0 6 

0.5 

0.4 

0.3 

0.2 

0.1 

0 

* OH. (preC) 
• OH.(postC) 
0 NB 
χ RF 
+ NB+RF 

Pellets 

Ohmic Limit (preC) 
nc (m

3
) = 1.0x10" BT(T)/qa R(m) 

χχ
χχ "χ ' Λ / 

* . ' Y ^ 
> ^ 

—' · · " * χ · χ χ Χ / / χ > ^ χ Τ χ 

• · * / ^^ 
' · · . . ¿S ^ ^ x Χ χ / ° Α · * "
 Α

> , / * ^ / 
Α ο· ο.οοο. .ο ο ofceooc^ χχχ>*+χχ+χ+ + / 0 Α Α . , · ^ ^ ƒ 
. . · 0 · ' Α * / ¿ ^ * < ^ / 

* *0 * à . Op* Οχ x^Jox χ χ
0 χχ χ ο ο ο / 

' ' \
 Α

. > \ 0 ¿ " ° > ^ w χ ++;;
χ
+ +0+ / 

. χ · ***'%<«>s^\
 χ

χ
 + +

*
+

* * ° / 
Α . Α Χ -r _s>r Ι * χ ^ Λ ^ ^ Ι 
Α ο > o.Sfcr / 

• >· * V ^ ^ χ x χ χ χ χ ƒ • · * ^ .^^ Ι 
>"· ̂ ^ Λ / 

.· < ; > % χ χ χ χ Ohmic Limit (postC) / 
y j ^ nc (m

3
)=1.2x10

20 BT(T)/q, R(m) 
Ss*^ 

¿r ι ι ι ι ι ι 
0 2 3 4 

ñ R/BT (xlO^m
2
!"

1
) 

Fig. 11 Shows the Hugill diagram for the density limit. The limits for ohmic discharge 
without carbonisation, and with carbonisation (low Z) are indicated. Pellets and 
additional heating allow a higher density to be reached before a disruption occurs. 
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Fig. 12 Incremental confinement time, Tmc( = dW dP) as a function of (Ip ß)(°cl q\ 
The effect of the saw teeth on confinement can be seen w here the maximum incremental 

confinement time is reached for a \alue of q~4 (Ip b~ 1). 

A417 



(a) 

Flow 
(a.u.) 
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1 

Viscous Flow in pipes 
^^^^ 

^s— ι urDUieni MOW 

ƒ - Laminar Flow 

I 1 1 1 1 1 1 J . 
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Grad ρ (a.u.) 

14 
_ ι 
16 

(b) 

VTe 
VTc 

Anomalous Heat Transport 
Critical temperature model 

Anomalous Transport 

Neoclassical Transport 

I 
Heat Flow Fe (a.u.) 

Fig. 13 (a) The experimental relationship governing the flow of a liquid through a long pipe is 
shown. When the Reynolds number R reaches the critical value Rc, extra resistance is added to 
the flow which increases with the value of the Reynolds number (curvature of the curve in the 
turbulent flow regime); (b) For given temperature, density, magnetic field etc, the dependence 
of the heat flow with electron temperature gradient in the critical temperature model shows the 
same behaviour: when V Τ reaches V Tc anomalous transport appears which increases the heat 

flow. This anomalous transport also varies non-linearly with the ratio ( V Τ J V 7",.). 
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riER, Padd - 100 MW 

The temperature profile is flat riside q - 1 , Q -15 

Fig. 14 Critical temperature model simulation of 
ITER with 300MW of additional power. Ignition is 
not reached mainly due to the effect of sawteeth. The 
temperature has been flattened inside the q = 1 region. 

Igmtor, Padd - 10 MW 

with monster sawteeth <q.Q8) temperature E too low 
for igmtion 

Fig. 15 Critical temperature model simulation of 
IGNITOR, with additional power of 10MW. The 
temperature has been allowed to peak inside the q = 1, 
simulating a monster sawtooth w ith q on axis of 0.8. 
Ignition is not reached as the mean temperature is too 
low; Bremsstrahlung and impurity radiation play an 

important role (Ze//=2). A419 



JET, Hmode 
Ip=6MW, Padd=20MW NBI 

(10V) 

r a 

With a pedestal of 1.5 keV on Te and T¡ 
Without Beam plasma contribution, Q=0.5 

Fig. 16 JET Hmodes are fully simulated if the experimental density 
profile is taken with a pedestal of l2keV at the separatrix. The 
simulation is made for an Ηmode at 6 MA with 20 M W of neutral beam 

power. 
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JIT at full Ignition. I p -20MA 

(a) 

(b) 

The sawteeth flatten the temperature nside q-1 
PF -25GW. g-3 (tfkmit) .V-007 Volt per turn 

JIT ohmic + a heating. Ip-30 MA 

η 

(lO
B
m

J
) 

1 2 3 4 5 6 7 8 9 - C 

H a 

Iqmtion is reached with the help of monster sawteeth (q-08) 

Fig. 17 (a) Critical temperature simulation of JIT. Full ignition is 
obtained on J IT even with complete flattening of the temperature inside 
the <7= 1 region at 20MA. The β limit (g = 3.6) is almost reached; (b) 
At 30 MA with a monster sawtooth, ignition is obtained without 

additional heating at a lower density. 
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THERMO-NUCLEAR FURNACE 

Fig. 18 Cross-section of a thermonuclear furnace (JIT) with 
a plasma capability of 30MA. 

THERMO-NUCLEAR FURNACE 

Fig. 19 Overall view of the thermonuclear furnace and the 
main building including the remote handling facilities and the 

external shielding. 
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~Ί 
THERMO-NUCLEAR FURNACE 
SECTION ON 1/20 SECTOR 

Fig. 20 Section of a sector of JIT conceived as an integrated 
element including the toroidal coil, the vacuum vessel, and the 

mechanical structure. Toroidal field coils are shown. 

THERMO-NUCLEAR FURNACE 
INNER CROSS SECTION 

Fig. 21 The concept of the inner wall blanket supported by 
toroidal field coils and protected by carbon tiles. 
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Magnetic configuration for JIT 
Xpoint, Single null. 

400 800 1200 1600 
R(cm) 

Fig. 22 Typical magnetic configuration calculated for 
JIT with a single Xpoint. 

THERMONUCLEAR FURNACE 

COOLING 

CONDUCTOR ^ 

SEAL ¿ 

'■l.vJ.v.'.'.
1 

»T.·.·.·.·.·.·.·.·. 

VXJ:;:;. 

\¿ühr.-: 

ENLARGED SECTION 

Fig. 23 The internal poloidal field coil, conceived as a Bitter 
coil with detail of the cooling and insulation. 
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(a) 

(b) THERMO-NUCLEAR FURNACE 
SHIELDING PLAN VIEW 

POLO I DAL COILS 

TOROIDAL COILS 
MAX FIELO B. 5T 
MAGNETIC FIELD 
PRESSURE iKQ/min' 

Fig. 24 (a) Sectional and (b) plan view of internal layout of 
J IT shielding, divertor element and test blanket which can be 

dismantled remotely through the main ports. 
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THERMO-NUCLEAR FURNACE 
D I VERTOR REGION 

WITH MOVING X-POINT 

INNER OUTER 
DIVERTOR DEPOSITION DIVERTOR PUMPING TEST 
ELEMENT AREA ELEMENT VOLUME BLANKET 

Fig. 25 Divertor region of JIT showing a set of saddle coils which allow sweeping of 
the thermal load on the divertor plates covered with graphite. Pumping is carried out 

through a slot at the base of the divertor. 
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Appendix 111(h) 
JETP(88)61 

Preparation for DT Operation at JET 

A C Bell, C CaldwellNichols, J Campbell, Ρ Chuilon, 
C Gordon, G Newbert, M Wykes 

Abstract 

DT operation of JET if currently programmed for mid1991 onward*. An 

activa gas handling plant to extract hydrogen iaotopei fron the torus 

exhausts and provide individual isotope feeds is being constructed. Although 

Torus Systems, additional heating systems and diagnostics have been designed 

for the tritium operation, their designs are presently subject to a detailed 

review. Some of the systems in direct contact with tritium will require 

modifications to improve their reliability and these modifications are being 

designed. Approval from safety and regulatory authorities is necessary to 

start operation with tritium, and to satisfy these requirements, analysis is 

being carried out of routine and accident conditions, waste arisings and 

compatibility of systems with tritium operation. It is concluded that in 

parallel with the continuing successful experimental programme of Jet in the 

DD phase, the review of all aapecta of the JET design and operation for the 

DT phase is proceeding satisfactorily and no insurmountable problems are 

foreseen, The complete JET cycle will have a negligible environmental impact 

and the measures taken will ensure that radiation doses to workers are low. 

1. INTRODUCTION 

The Joint European Torus (JET) situated at Abingdon UK is a major 

experiment to investigate the conditions for thermonuclear fusion in mag

netically confined plasma. The main parameters of the JET machine and the 

recent plasma performance have already been described [1,2]. A major aim of 

the JET experiment is the study of alpha particle production, confinement and 

plasma heating. To achieve this a planned progress» of enhancement of the 

JET machine and its ancillaries is being undertaken, leading to the capabil

ity of plasma operation with tritium from mid 1991 onwards. The major 

addition is the Active Gas Handling System (ACHS) whose main function is the 

extraction and separation of hydrogen isotopes from the torus exhaust so that 

tritium and deuterium can be recycled [3]. This is planned to be in 

operation in 1990 so that ample experience can be accumulated prior to 

operation of JET on a closed cycle with tritium. The major milestones in the 

programme, including the extensive work of modification for additional 

heating, disruption control and impurity control amongst other things are 

shown in Figure 1. 

The main features implemented and preparations for DT operation of JET 

have been discussed in previous papers [4,5). This paper follows on in 

describing the progress being made towards DT operation of JET, particularly 

those aspects related to safety approval. 

2. TRITIUM COMPATIBILITY OF JET SYSTEM 

As one of the ultimate objectives of the JET experiment was the study of 

alpha particle heating, the majority of JET systems were designed from the 

outset for DT operations. These have been described previously [4,5] and 

include: 
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i. The massive biological shielding which is designed to reduce the radia

tion dose due to operation to staff in the control room to well within 

the JET radiation exposure target, and at the site boundary to less than 

normal fluctuation in the background dose levels. 

ii. The facilities for carrying out remote maintenance on critical compon

ents in the torus hall where dose rates prohibit access to the vacuum 

vessel and make normal handson maintenance impossible [6]. 

iii. The doublewalled vacuum vessel and the associated gas baking loop which 

permits operation at elevated temperature whilst minimising the permea

tion of tritium to the environment. The gas baking loop which circu

lates helium through to vacuum vessel interspace to maintain the 

temperature at ι 300'C will allow tritium permeating through the inner 

wall to be ultimately collected as oxide on a zeolite bed which can be 

regenerated periodically. Installation of the loop blower in a gas 

tight housing to minimise tritium losses through the shaft seals has 

been completed. 

However as JET is an experimental device, progressive modifications have 

been made since commissioning and it is essential to carry out a review to 

confirm that safety, operability and maintainability are not prejudiced in 

the tritium phase. 

A tritium compatibility analysis is therefore being carried out on all 

JET systems proposed to be used during the DT phase. There are four issues 

to be addressed for each system: 

i. Will it operate satisfactorily in the DT phase? 

ii. Can it be maintained or removed remotely? 

iii. Are the routine tritium .releases resulting from the operation of the 

system acceptable? 

iv. In the event of failure of the system, are operator and public radiation 

doses acceptable? 

In addition to completely new systems such as the AGHS and Lower Hybrid 

Current Drive, and systems requiring major modification, for example the 

ventilation system, cooling circuits and overpressure protection, systems 

basically unchanged need to be considered. In this latter category are the 

diagnostics of which there are about 55 on JET at present (Fig.2). About 15 

nonactive phase diagnostics which were not intended for use in the DT phase 

will be removed, mainly because they would not survive the neutron dose. The 

remainder have been assessed for compatibility and a number have required 

modification such as: 

i. Replacing turbopumps with regenerable getter pumps and, where appropri

ate, replacing rotary backing pumps with.sealad ones, 

ii. Interspaces evacuated and monitored, 

iii. Additional containments. 

Some modifications may not be cost effective and the relevant diagnos

tics will be removed. The KH2 Xray Pulse Height Spectrometer design 

provides an example of aspects which require to to be considered. It is 

currently pumped on the torus side by a turbomolecular pump and one proposal 

is to replace this with an ion pump (Fig.3). An alternative scheme would be 

to pump the beami ine via the torus. Tritium permeation through the bellows 

has been assessed and conservatively estimated to be acceptable at 

0.06 Tbq/a. Other aspects examined include the method of control of the 

beryllium window bypass to minimise the tritium contamination of the 

components outside the torus hall. The In Vessel Inspection System (IVIS) 

is an example of a system which has been reviewed and is now fully tritium 

compatible, incorporating ion getter pumps. 

However from the availability point of view and from the need to lower 

the potential for release of activity to the environment, the main modifica

tion required to ensure that many of the diagnostics are compatible with 

tritium operation is to design the quartz windows, of which there are over 

fifty on the machine, against catastrophic failure. Experience of JET opera

tion so far has shown that a window, which operates up to the vessel wall 

temperature, may crack as a result of thermal shock if cold water from a leak 

of one of the internal cooling circuits impinges on it. Although all of the 

window failures experienced have either been seal failures or, following 

water leaks [8], cracks, the possibility of complete disintegration of a 

window which has the potential for release of tritium to the torus hall [15] 

and would lead to extensive outage, cannot be ruled out. The use of double 

windows in vulnerable positions is now being considered as a way of 

minimising this possibility. 

Economic factors and the environmental issues associated with discharge 

of large quantities of tritium have obliged JET to adopt a closed cycle 

system for extracting hydrogen isotopes from the torus exhaust gases and 

separating the tritium for reinjection into the JET machine. This plant is 

designed to the highest standards of tritium containment to minimise operator 

and public dose and will be housed in a building separate from the main torus 

building. The major components of the plant have been designed and 

procurement is underway. As it is designed specially to handle bulk 

quantities of tritium, tritium comptability is inherent in the design. This 

includes secondary containment with leak detection on all major systems and 

provision for reduction of maintenance release by baking and evacuation. 

It is described in the accompanying paper [9]. 

The AGHS also includes a tritium cleanup system, referred to as the 
Exhaust Detritiation System (EDS), to provide an air flow through the torus 

during maintenance intervention within the vessel and to detritiate the 

exhausted air [7]. 

Other examples of where tritium compatibility analysis has led to design 

modifications are : 

a. The LHCD main double bellows [10]. The initial assessment showed 

unacceptable tritium permeation to the atmosphere of around 60 TBq/a. 

This figure was based on clean metal permeation through Doth bellows at 

400°C, as the usual mitigating effect of oxidised surfaces could not be 

claimed for a bellows constantly cycled during plasma operation. The 

option of pumping the interspace was rejected due to the excessive 

pumping speed required to maintain the interspace at the 10" ■ mbar 

required to reduce tritium permeation to the atmosphere to an acceptable 

level of 2 TBq/a. It is now proposed to maintain the outer bellows at *v 

200
e
C. 

b. Modifications are being made to the cooling water circuits and the 

protection circuits; particularly to the Neutral Injection System, to 

minimise the quantity of water entering the main tritium systems if 

there is an internal leak and thus reduce the quantity of tritiated 

water to be handled. Different physical methods of leak detection may 

need to be employed to provide diversity and to enable the conflicting 

requirements of rapid shutdown and avoidance of spurious trips can be 

met. For example, box pressure, N, boiloff rate and expansion tank 

level can each give an indication of a Neutral Injection leak. An 

important consideration is also the ability to separate the highly 

tritiated arisings during water leak incidents in which cryppumps 

defrost from the water containing low levels of tritium contamination in 

the poloidal and toroidal field cooling circuits. 
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c. Th· vessel overpressure protection currently consista of s SO aber 

differential rupture disc relieving into the torus hell. This SMSAS thet e 

large cryotpilL or vater leek could result in e reléese of tritila to the 

torus hell. Such e reléese of tritium to the environment is unacceptable for 

e single system failure end further protection is required. This can be 

achieved by aaking the first line of defence against overpressurisetion of 

the vacuus vessel pressure operated valves discharging into the AGHS manifold 

lines, the rupture disc being retained as the ultimate protection for the 

vacuum vessel in the remote event of the relief valves failing to operate. 

As the AGHS has facilities for collection of elemental tritium and tritiated 

«eter, releaaea to the environment ere minimised. A variety of circumstances 

needed to be covered, including H, deflagration in the pellet injector box, 

variations in AGHS suction pressure, the operetion of the isolation valve, 

end the current concept is shown in Figure *. 

d. Vsrious planned enhancement a will be made to the Torus Hall, 

Accesa/Hot Cell end beaement ventiletion plants, to allow air to be extracted 

from the torus hall at about 1 air change per dey. A filtretion system for 

radioactive particulate· will be included and the recirculating system vill 

maintain e constant humidity of 7'C dew point (Figure 5). 

The system will also need to take into account pressure relief for the 

fire extinguishing system. 

3. SAFETY APPROVAL 

The use of radioactive materials in the UK is constreined by Government 

legislation which controls the licensing of plants, the exposure of 

employees, the disposal of vaste and transport. The main statutes which JET 

la subject to are listed below! 

3.1.1 Radioactive Subatancea Act 1960 

The main impact of the Act on JET is that ell routine dischargea of 

tritium or activated subatancea to the environment for disposal as waste must 

be approved in edvance by Her Majesty's Inspectorate of Pollution (HHIP). 

JET is required to make e submission to HMIP showing that "Best Practicable 

Means" have been used in minimising the environmentel impect end showing that 

in all cases, radietion doses to the most exposed members of the public are 

within the target· recommended by the National Radiological Protection Board 

(NRPB) [ Π ] . JET will have no difficulty in meeting these targets so the 

emphasis is on demonstrating that the various options have been considered 

and that where neceaaary any particular engineering solutions ere justified 

using cost benefit analysis (CBA). For example the ACHS steek height is 25 m 

above ground level. CBA, baaed on a coat of £3000 per menSv, vea uaed to 

show that from dose conaideratlona, a higher atack was not required. 

3.1.2 Ionising Radiation Reg's. 1985 (IRR's) 

The legislation is concerned with limiting radiation doses to employees 

end the compliance is monitored by the Health and Safety Executive. JET 

occupational doae targets are considerably below the legislative limit of 

50 mSv for annual committed dose to exposed workers. The legislation 

requires e contingency plen to be submitted to the BSE if quantities of 

radioactive material exceed certain limita. The quantity of tritium to be 

used at JET (90 g) is less than this limit (5*0 g) but a contingency plan 

will be produced nevertheless. 

The accounting requirements of the IRR's will be met by the arrangements, 

using periodic PVT measurements which are needed for process monitoring. 

3.1.3. Transport Regulations 

UK legislation is based on the IAEA Code of Practice for safe transport 

of radioactive materials. It is not JET*s intention to develop special 

transport containers for either tritium or wests as the t imescale for 

approval, particularly in the case of type 'B' containers is of the order of 

two years. 

3.1.*. Nuclear Installations Regulations 

Under the 1965 Nuclear Installations Act, nuclear sites in the UK are 

required to be licensed by the Nuclear Installations Inspectorate (Nil). At 

present, however, UKAEA sites are exempt from licensing and a 

semiindependent internal unit of the UKAEA, the Safety and Reliability 

Directorate (SÄD) is responsible for ensuring that the same standards are 

applied to UKAEA sites as if they were licensed. Under the JET Host 

Agreement, the UKAEA ensures that JET applies similar standards and JET is 

required to satisfy SRD that the design of the plant, its construction and 

commissioning, and its operating procedures are acceptably safe. When 

satisfied, SRD will endorse the issue of an Authority to Operate (ATO) for 

the plant. 

3.2. Design Targets 

The overriding consideration for radioactive plants is that ALARP (As 

Low As Reasonably Practicable) principles should be followed to limit routine 

end accidental releases. Generally this means that the beat uptodate 

technology should be employed and that where several options are available, 

they should be examined to determine which gives the lowest public/ worker 

risk. In cases of doubt, cost benefit analysis should be used to eliminate 

solutions of disproportionate cost. 

As part of the Quality Assurance (QA) procedures, JET Technical Control 

Documents require systems to be clessified from the point of view of 

radiation, remote handling, quality and tritium. This allows design and 

analysis effort to be concentrated efficiently where it is required. For 

example the criteria for tritium classification listed below are used to 

determine which systems require detailed safety analysis or need to be taken 

into account in waate handling. 

There are four clesses defined as follow«: 

CLASS 1  Systems with a high potential for accidentel/routine release 
or exposure of personnel when the effects of the secondary containment or any 

other barriers are neglected. 

CLASS 2  Systems with e low potential for routine/accidental release 

and exposure of personnel,  or 

Systems necessary to prevent/limit release or exposure for Class 1 

systems under feult conditions. 

CLASS 3  Systems which will genérete tritiated operational or 

decommissioning wastes. 

CLASS *  Systems with no potential for tritium release/exposure or 

generation of waste. 

3.2.1 Routine Releasee and Exposure 

The UK NRPB considers that radiation doses of SO μ5ν are "of no 

concern". This value has been chosen ss the design tsrget for routine 

releases. Assessments have been carried out of the annual public doses 

through various pathways which are as follows: 

Direct radiation from torus: < 5 uSv (at site boundary) 

Gaseous releases: 

Activeted air < 5 uSv (inhalation/direct radiation) 

Tritium < 5 \tSv (inhalation and ingestion) 

Liquid Discharges (to Themes): 

Tritium << 1 uSv (drinking water for hypothetical critical group) 

The occupational dose limit· set by JET policy ere 5 mSv/e for radiation 

workers and 1 mSv/a for nonradiation workers. For routine releases and 

radiation from the torus, the annual dose to the most exposed person onsite 

would be: 

Direct radiation < 50 \iSv 

Activated Air < 20 μ5ν 

Tritium < 10 uSv 

which is clearly well within the ebove targets. However, the majority of 
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occupational exposure will arise during maintenance operations and the use of 

protective clothing, and other dose control measures will be used to limit 

exposure of individuals in accordance with these limits. 

3.2.2. Accidental Releases 

A basic JET design philosophy is that no single failure of any system 

should result in exposure of workers or members of the population to greater 

than the annual dose limit. To comply with this, the containment philosophy 

employed in the AGHS is that all the main tritium process lines are doubly 

contained apart from certain exceptions eg. those which are of thickvalled, 

all-welded construction and which operate at room temperature and sub-atmos

pheric pressure such that the permeation losses are low (<0.04 TBqa*1) and 

the probability of a significant release is low {9]. Secondary containments 

are generally of stainless steel and, where possible evacuated or filled with 

helium. Leak detection is provided and overpressure protection (eg rupture 

discs) on systems with a high inventory discharges into evacuated buffer 

tanks, each capable of holding the complete AGHS inventory. 

3.3. Safety Analysis 

The above considerations, as well as those of conventional hazards, were 

analysed qualitatively in the AGHS Preliminary Safety Analysis Report (PSAR) 

and this was endorsed by SRD before the final plant design was started. A 

comparable PSAR is in the course of being produced for the torus systems. 

For the second phase of the safety analysis, a Design Safety Review is 

carried out on each of the AGHS subsystems. This includes Failure Kode and 

Effects Analysis (FMEA) of all components or component groups. For those 

components which, in the event of failure of a protection system, have the 

potential for significant tritium release, a Probabilistic Safety Analysis 

(PSA) is carried out and an event tree produced quantifying the probability 

magnitude of releases for each initiating event (Figure 6). One major 

problem, of course, in the application of PSA to new systems is the paucity 

of reliability data relevant to fusion and cryogenic plant. Generic fission 

reactor data modified where necessary have been used in the Fault Tree 

Analysis used to derive the initiating event frequencies (Figure 7). For 

analysis of torus systems a study has been carried out of the failures during 

the D-D phase to provide more appropriate data. 

Before proceeding to procurement, a Design Safety Review has been 

carried out in each subsystem of the AGHS and endorsement of SRD obtained. 

The design target for each identifiable accident sequence is that 

the product of frequency and magnitude of release to the environment 

should be less than 10 Ci a'1. This target is considerably more 

restrictive than the guidelines laid down for nuclear chemical plant by 

the UK Nil. These are concerned with public dose/frequency for 

discrete fault sequences and when related to the JET site give the 

release limits shown in Figure 8 with JET design guidelines for 

comparison. 

The analysis of one of these subsystems (Figure 9) shows that the design 

targets are met. 

Specific torus systems identified through the PSAR as having a high risk 

of release will be subject to a Design Safety Review. 

The final safety submissions before approval for operation is given 

takes two forms: 

i. Final Safety Analysis Report (FSAR) 

This takes account amongst other things, of system interactions, 

modifications following the reviews, procedure for control of operation 

and QA interfaces. 

ii. Commissioning report 

This is required to show that safety-related systems are performing as 

intended. 

Approximately one year has been allowed for commissioning, initially 

with H/D and possibly small amounts of tritium in the AGHS before the D-T 

phase starts in 1991. 

«. RADIOLOGICAL PROTECTION INSTRUMENTATION 

Gamma and neutron monitoring instrumentation has been installed in the 

JET torus building from the start of operations. Enhancement for the D-T 

phase requires the addition of tritium working area monitoring and 

measurement of stack discharges of tritium and activated gases. 

For the AGHS building and torus building working area, ionisation 

chambers with a sensitivity of better than 1/10 DAC HTO will be installed. 

In addition to local alarms, the instruments will be connected to a central 

CODAS computer to record data and enable trends in chronic levels to be 

monitored. Discriminating HT/HTO monitors have been ruled out because of the 

extra complexity, low probability of purely elemental releases and the risk 

to individuals if protection measures were based on a single instrument 

reading. During maintenance operations, sampling methods may be used to 

establish the true level of HTO. 

For monitoring of the torus hall air, the instruments are to be 

installed in the ventilation ducts outside the biological shielding. 

Activated air measurement and compensation of tritium monitors will be 

provided. 

To demonstrate compliance with discharge limits all discharge stacks 

will be equipped with a catalyst and silica gel samplers for HT and HTO. 

Consideration is being given to the need to collect tritiated methane. 

A programme of environmental sampling is being carried out. Around 20 

tritium sampling points will be installed around the JET site boundary before 

the D-T phase to establish baseline levels before D-T operation starts and 

provide data throughout the D-T phase. 

5. WASTE HANDLING 

Studies have been carried out on the waste arisings at JET and the 

options for transport, treatment and disposal. The options are constrained 

by four factors: 

i. There is no intermediate level waste disposal facility at present in 

the UK. 

ii. There is only one low level waste repository which, in addition to 

overall annual limits, imposes a limit of < 12GBq/te on the tritium 

content. 

iii.Discharges of aqueous waste to the Thames may be severely 

restricted. 

iv. When the JET experimental programme is complete, the UKAEA will take 

over the responsibility for JET and its decommissioning. 

Anticipated waste arisings have been categorised as: 

i. Process wastes (solid) 

These will be mainly absorber beds (molecular sieve, uranium beds, 

zeolite) containing tritium and/or activated corrosion products. Tests are 

underway at present to determine if the number of uranium beds produced as 

waste from the AGHS can be reduced by using a regenerable iron bed for 

cracking of water in the impurity processing loop [9]. 

ii. Component waste (solid) 

Components which are activated, contaminated and/or tritiated will be 

removed from the machine and AGHS during maintenance. 

iii. Housekeeping wastes. 

These will consist of clothing, swabs etc. 

iv. Low level tritiated water 

During D-T operation, the use of water in situations where it may become 

tritiated will be minimised; however minor leakages from cooling circuits, 
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•ir conditioning condenaate and tritiated water collect«! fro» th· «xheuat 

detritiation syetem cannot be avoided. 

Higher concentrations oí tritiu» may «ri»· fro« accident aituationa. 

Comparable concentrations could also b« collect«) in the EDS drier· if they 

•re operated following · major vacuum laak (Reí. 7). 

A current strategy for dealing with JIT wait· taking account of the» 

restriction« «nd the sain type· of arisings and wastes is currently being 

dafinad. 

6. MAINTENANCE 

The JET «achina wa· deiigned from the outlet in auch a way that 

essential maintenance and replacement of components in the DT phaae could be 

carried out remotely. Componenta are claaaified according to the need for 

remote handling and thi· la periodically reviewed in the light of experience. 

Protra·· on development of remote handling i« dealt with elsewhere (Ref. 

6). 

One important aspect of torus maintenance is reduction in tritium 

emission from in vessel components. Glow discharge cleaning will be carried 

out to reduce tritium emissions from an estimated » TBq/h to negligible 

levels. The AGHS has been designed to separate thi· evolved tritium. 

In the AGHS, remote maintenance is not necessary but the systems tuve 

been designed to facilitate maintenance. For example, where poaaibla, 

bakeout heater· have been provided >o that tritium outgasaing can be carried 

out before opening of Containment; extra manual valves are provided to 

minimise the effects of tritium outgaasing of long pipes; containment 

closures msy bo replaced by gloveport modules. 

7. CONCLUS IONS 

In parallel with the continuing successful experimentei programme of JET 

in the DD phaae, the review of all aspects of JET design and operation for 

the DT pha·· is proceeding satiafactorily and no insurmountable problems are 

foreseen. 

In addition a design for the AGHS capable of satiafying the UK safety 

requirements has evolved and procurement haa now atarted. The complet· JET 

cycl· will have a negligible environmentel impact and the meaaur·· taken will 

ensure that worker do··· are low. 
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FIG 3 Diagnostic pumping 
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FIG 5 Proposed ventilation system 
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FIG 6 Typical event tree analysis 
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FIG 7 Typical fault tree used to derive initiating event frequency 
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FIG 9 

Frequency vs Consequence Plot 
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Appendix III (i) 
JETP(88)63 

The JET Active Gas Handling System 
Progress Report 

J L Hemmerich, A Dombra, J Gowman, E Groskopfs, R Haange 
A Konstantellos, E Küssel, R Lässer, Ρ Milverton, Κ Walker, Κ Walter 

The JET Active Gas Handling System la designad to process mixtures or 

hydrogen isotopes, helium and impurities during the operation of the JET 

tokarnak with daute r lua / t r l t lum plasmas. 

The main subsystem of th is plant are now designed and contracts for 

manufacture have been placed or are being placed f o r i 

cryogenic forevacuua ayates (CF) 

mechanical forevacuum system (HF) 

exhaust d e t r l t l a t l o n system (ED) 

impurity processing loop ( I P ) 

intermediate and product storage ( I S , PS) 

c r y o d l s t l l l a t l o n Isotope separation (CD) 

gaachroaatographlc isotope separation (CC ) 

El esente of crucia l Importance for plant operation have been b u i l t as 

prototypes and teat resul ts are reported! 

CP t Accumulation panel pumping speed and Impurity separation i n 

cryotransfer pump. 

IP , I S , PS t Uranium bads Tor hydrogen storage and recovery of 

t r i t i u m from t r l t l a t e d watert i ron bed for water decomposition 

( regenera t ie ) . 

CD ι A novel rec i rcu la t ion pump for hydrogen isotope mixtures 

u t i l i s i n g the surface tension of l i q u i d hydrogen in a porous w a l l . 

Χ ι A new method to diagnose the a r r i v a l of an isotopic t r a n s i t i o n 

.naide the column packing on the basis of di f ference in react ion 

enthalpies of the various isotopes, leading to charac te r is t i c 

temperature changes. 

General components i val vea, valve actuators and a l l  m e t a l , t r i t i u m 

compatible upstream and downstream pressure regu la to rs . 

1. INTRODUCTION 

The JET Active Gas Handling System tAGKS) w i l l rece ive , pur i fy and 

separate exhaust prot i urn, deuterium and t r i t i u m as well as helium and 

impurit ies from the JET tokamak and i t s associated systems (Neutral Beam 

Heating, P e l l e t I n j e c t i o n F u e l l i n g ) and w i l l supply pure hydrogen isotopes 

ror the operat ion of the torus and i t s subsystems. 

The basic conf igurat ion of the AGHS is shown i n Fig 1¡ i t s overa l l 

T a c t i o n has been described by Hemmer ich and Haange [ i , 2 ] . Also, the 

funct ion of major subsystems are described elsewhere: 

 Cryogenic forevacuua, by Küssel I 3] 

 Impurity processing, by Hemmerich [ « ] 

 Gaschromatographic Isotope separat ion, by Botter [ 5 ] 

 Exhaust d e t r l t l a t l o n , by Dombra [ 6 ] 

I n t h i s paper we w i l l concentrate on the resu l ts of an experimental 

programme, which is running p a r a l l e l to the design and procurement of the 

AGHS, intended to t es t the performance of cruc ia l plant components on 

f u l l  s c a l e prototypes. 

2. COMPONENT TESTS 

2 . 1 . Cryogenic forevacuua 

The cryogenic for e vacuum aystea [ 3 ] la designed to pump gas mixtures or 

hydrogen isotopes Q, (Q standing for H/D/T, with Q, representing a l l six 

molecular species) with helium (*He from the DT fusion react ion and 'He 

added t o the plasma f o r RF minori ty heating) and impur i t ies r e s u l t i n g from 

plasmawall i n te rac t ion (mainly hydrocarbons C [ i Q 2 n t 2 and water Q , 0 ) . The 

pumping and separat ion of theae mixtures is done i n two stages. An 

accumulation panel (ACP) pumps a l l condensable gases by cryocondenaatlon and 

the helium isotopes by cryosorptlon on act ivated charcoal . During 

def ros t ing , helium l a released f i r s t and pumped through a 
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precooled cryocondensation element, the cryotransfer pump (CTP) into a buffer 

tank in the impurity processing loop. The CTP then condenses the 

subsequently released Q a / impurl ty mixture. The performance of the ACP has 

been tested and found sat is fac tory e a r l i e r [ 3 ] . The funct ion of the CTP in 

separating Qj from impuri t ies was recent ly t e s t e d . The CTP i s shown 

schematically i n Fig 2 . 

The Qj/ impur i ty mixture i s pumped on a centra l cryocondensatlon surface, 

cooled with LHe to IK. After t ransfer of a complete batch from the ACP, the 

CTP i s iso la ted and warmed by e l e c t r i c a l heating; the QVimpur i ty mixture i s 

boi l ing at constant temperature (  25K), control led by an upstream pressure 

regulator on the pump o u t l e t keeping the pressure i n the pump constant at  1 

bar. The bol ledof f Q,, containing some of the impur i t i es , i s forced through 

an annular gap containing f i n e wire screen at  25K; t h i s large cold surface 

area permits the recondensing of any impur i t ies from the gas stream, a l l 

impurity vapour pressures at 30K being i n the order of 1 0 " ' · mbar or lower. 

For teat purposes, nitrogen was selected to represent impur i t i es , the vapour 

pressure of N2 at 30K being substant ia l ly higher than that of the next most 

v o l a t i l e impurity CH„. A mixture of 1001 (STP) D, with 151 (STP) N, was 

condensed, the Da subsequently boiled o f f ; nearing the end of the Da 

inventory as indicated by a sharp pressure r i s e of the D t vapour pressure 

thermometer coupled to the boi ler heater , an evacuated and baked sample f l a s k 

( U ) was f i l l e d to a pressure of 1.5 bar. A quant i ta t ive analysis by 

gaschromatography was performed at Harwell Laboratory (UKAEA) and found D t 

with 5 ppm 0 , and 23 ppm N a . As our mixture o r i g i n a l l y had not contained 

oxygen, t h i s r e s u l t indicates most l i k e l y a very small inleakage of a i r 

e i ther In to the sample f l ask prior t o f i l l i n g or i n the sampling equipment 

during mesurement. 

In any case, t h i s r e s u l t shows that Impurity separat ion from Qa i n the 

CTP i s f u l l y adequate, as the use or uranium beds for t rans fe r t o isotope 

separation w i l l el iminate t race Impur i t ies to subppm l e v e l s . 

2.2 Uranium beds ror 0 a storage and t ransfer 

Uranium beds are to be used i n the impurity processing loop for 

decomposition or t r i t l a t e d water and Qa storage [»], i n the intermediate 

storage system for t ransfer pumping from CF and IP to isotope separat ion and 

a r t e r isotope separat ion for t r i t i u m and deuterium product storage. 

To meet a l l requirements of these various app l i ca t ions , the bed capacity 

has to be high ( I n our case 1820 moles or U 238) and the heat t rans fe r to 

the uranium powder i n supplying or removing react ion heat very good. For 

t h i s reason, we selected a design with a la rge surface area heat t ransfer 

s t r u c t u r e , shown i n Fig 3. 

A centra l tube contains e l e c t r i c a l heaters , vacuum rurnace brazed i n 

copper sleeves, and a concentric tube gas cooling device. On i t s outs ide , i t 

carr ies nickel r ins t r ans fe r r ing the heat flow rrom the core to the powder. 

Tubular s in te r n i t e r s ( I ncone l , 20 u pore size i n l e t bottom and 5 1» pore 

size o u t l e t top) prevent uranium dust rrom enter ing adjacent process 

pipework. Fig 1 shows a completed bed pr ior to f i l l i n g : the uranium i s 

loaded i n the form or so l id metal p l a t e l e t s between the r i n s , subsequently 

the primary containment tube i s s l i d over the i n t e r n a l structure and welded 

vacuumtight. The bed i s then f i t t e d i n to a secondary containment, leak 

tested to 1 0 " ' · mbt s"
1 and pressure tested to «0 bar with helium gas. 

Subsequently, the uranium i s hydrided with D a , the f i r s t hydriding run shown 

i n Fig 5 required some heat ing t o s t a r t the react ion, causing the solid 

Umetal to diminute into UD, powder. Subsequent hydriding runs led to 

rurther diminution and activation, eventually (with full cooling gas flow on) 

to the uptake of the f u l l capacity (27 moles or D, i n 18 moles or U) wi th in 

 15 minutes as shown i n Fig 6. The d i s t r i b u t i o n or the uranium powder 

inside the structure af ter dehydridlng at 600»C was checked by radiography. 

Fig 7, showing c lear ly the heat t ransfer r ins with the powder in between and 

the out le t n i t e r tube. 

Equilibrium pressure measurements Tor two compositions U D , . , e and U D t . e e 

are shown i n Fig 8. The very good agreement between these data and 

measurements by Wicke and Otto [7 ] demonstrates the e f f i c e n c y or the heat 

t ransrer structure showing that the temperature gradient between the copper 

core ( locat ion or thermocouple) and the uranium deuterlde powder i s 

negl ig ib ly s m a l l . 

Based on these r e s u l t s , we have decided to use ident ica l beds for 0 , 

scrubbing from helium car r ie r gas, storage and transrer pumping or Q,, and T , 

and D, product storage i n several AGHS subsystems. 

2.3 Uranium and i ron beds f o r water decomposition. 

The basic concept of the impurity processing loop [ « ] consists of 

c a t a l y t i c oxidat ion of a l l impuri t ies t o Q,0, co l lec t ion of Q,0 In a 160K 

cold t rap and subsequent decomposition or 0,0 on a su i tab le hot metal powder 

(U. F e ) . 

I n i t i a l tests using the Ubed or Fig » by t rans fe r r ing steam into 

dehydrided powder at  200°C showed that the react ion 6 H,0 ♦ 7U ■· 3 U0, + 

HUH, leads to 100J react ion or the steam with Upowder, with f u l l recovery or 

hydrogen from UHi by subsequent heating to 450°C. 

The disadvantage or t h i s method i s the consumption or uranium and 

subsequent disposal of react ion beds as ac t ive s o l i d waste. We therefore 

Investigated another process, i s react ion of steam with i ron at 500°C, which 

can be regenerated by pure hydrogen at 600C. The experimental setup Is 

shown I n Fig 9: 

A water evaporator i s connected with a chemical react ion bed ( i d e n t i c a l 

to the Ubed or Fig 1) f i l l e d with i ron powder, followed by a molecular sieve 

dr ier and a uranium bed. Each element was placed on an e lect ronic balance, 

permitt ing quant i ta t ive measurement or chemical reactions by weight. Steam 

passes from the evaporator through the i ron bed, p a r t i a l l y react ing to i ron 

oxide and hydrogeni nonreacted steam i s col lected i n the d r i e r , the 

hydrogen formed i n the i ron bed i s col lected i n the uranium bed. In a t es t 

run with a t o t a l of 6 moles or H,0 I n the evaporator, 80» or the steam was 

reacted in the i ron bed, 20* was col lected i n the d r i e r . Hydrogen was 

quant i t a t i ve ly recovered from the Ubed by heat ing. 

This r i r s t experiment has shown the v i a b i l i t y or the ironsteam process 

i n reducing the uranium consumption by a ractor or 5. Further experiments to 

optimise process performance are i n preparat ion. 

2 .4 . Transpirat ion pump 

Separation of a l l six U , species in to pure H , , D , , T, by means or 

c r y o d i s t i l l a t i o n requires a multicolumn system interconnected with 

sidestreams r e c i r c u l a t i n g through c a t a l y t i c equ i l ib ra tore i n order to react 

the unwanted species HD, HT, DT in to the pure species. Hechanical pumps used 

usually as rec i rcu la tora for dr iv ing these streams are prone t o f a i l due to 

metal f a t igue in continuous operat ion . He thererore decided to use the 

physical and thermodynamic propert ies or the hydrogen isotopes at low 

temperatures to design a r e c i r c u l a t i o n pump without moving par ts , shown 

schematically i n Fig 10. 

Liquid hydrogen (rrom the sump or a d i s t i l l a t i o n column reboi le r or 

from a dedicated reed condenser) i s supplied to the outside of a f inepore 

sinter n i t e r . Liquid hydrogen wets a l l substances and i s soaked into the 
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p o r · · Dy aurfeoo tens ion, å hattar evaporat«· l i q u i d on the lanar aurface of 

the eint er f i l t e r . Thi» cavíos can del iver cold gas etraaaa against a 

preaaure dif férence up to a H a l t 

ap  5 1  l*Pm] 
α 

whara Y l a the aurfaoa tanalon I n dyn oa* ' (as γ · 2.0 dyn om~* for l i q u i d 

Oj at 27K aooordlng to Souara [ β ] ) and d la the e f f e c t i v e por« alza I n t « . 

Ha hava v e r i f i e d t h l a e f fec t with l i q u i d D, for pore e l s e · between 

0.8 t * oaraeuce and β m nio kel a ln ta r f i l t a r a , obtaining preaaure 

differenoea of  10 lera ( for 0.8 i *0 and  1 kPa ( for β m) i n acreeaent 

with above r e l a t i o n . 

flow r a t a · produced by t h l a device fol low the r e l a t i o n 

i . » 
h 

h being the haat of evaporation and H the heater power, aeanlng tha t the gaa 

laavaa the davloa ac tua l l y at the bo i l ing temperature of the surrounding 

l iquid. 

Further experimenta to aodlfy and opt l a i se the pore size of coaaerc la l ly 

ava i l ab le aa ta l s in ter f i l t e r s by aeana of chealeal a e t a i deposition are i n 

.progress. 

2 .5 . Gaachreaatograph diagnostic 

One of the two JET AGHS Isotope sepsrstlon systems I s based on elusion 

ohroastography on a Pd coated A1,Q, packing, using the strong isotopie 

ef fects in the PdQ systea as described by Botter I M 

Usual ly , a r r i v a l of an 1 act opio f ront l a indicated by instrumentation on 

the oolumn e x i t ( lon laat lon chamber, oatharoaater) and the f rac t ions are then 

"out" to t h e i r reepeet1 ve reoe1vera. Theae signala obtained at the column 

e x i t must be aoted on lamedlataly and may be occasional ly d l f f l o u l t to 

va l ldata againat background noise . We found sn addi t ional diagnostic signal 

obtainable from the separation process l u s l f i a r r i v a l of the f i r a t Isotope 

( t r i t i u m ) dlaplacing helium gaa l a accompanied by a large temperature r i s a i n 

the packing (formation enthalpy of PdT) of about 20*C, subsequent isotopio 

trana 1 t l ona by saai 1er r i ace of  1.5"C. Ualng the signal of two 

d i f f e r e n t i a l tharaoaatara embedded i n the packing at a distance of  6 oa 

near the oolumn e x i t , we omn preval ldate alenala from oolumn e x i t 

diagnoatlca. r i g 11 shows signala of a teat run on hal luaDsΗΊ* the 

d i f f e r e n t i a l temperature algnal preceding the oatharoaater signal by · 40 

seconds. 

2 .6 . Oeneral ooaponenta 

2.6 .1 Valvea 

The baalo deolelon to plaoe a i l c r i t i c a l (high and or yo geni o 

teaperatura) prooeas eleaents In to a l l  a e t a l double oontainmenta b u i l t t o UHV 

atandarda 11.2 ] aada I t p a r t i c u l a r l y d l f f l o u l t to aoooamodate an unavoidably 

large number of prooeas valvea. Usual ly , auch valvea would be b u i l t with 

double bellows stem feedttrough (monitored Interapaoa) and mounted on a 

container l i d with the actuator in aablent ataoaphere. I n our case, th is 

would have led to very large oontalnaont l i d s and a vast number of interapaoa 

monitoring oonneotlona (approximately 500 for the whole plant ) . Me have 

overeóme th la problem by dealgnlng a l l  a e t a l UHV compatible valve actuators 

whloh oan be f i t t e d on coaaercla l ly ava i lab le valvea. Figs 12a and 12b show 

an exaaple of such an actuator on a Nuoro K' a l l  a e t a l valve both i n spr ing 

open and spring closed vers ion. I t should bo noted, that both versions are 

asseablod from i den t i ca l basic par ts , the only di f ference being i n aoae minor 

assembly hardware and springs of d i f f e r o n t spring constants. 

These actuators , consist ing only of springs and bellows, are not subject 

to f r i c t i o n forcea (un l ike standard pneumatic piston d r i v e s ) , banc« valv« 

posit ion indicators oan be aounted outside the containment i n the fo ra of 

high/low pressure swi tch«· connected t o the pneumatic supply l i n e a f t e r the 

solenoid p i l o t v a l v a . 

Cycling t es ts on valves have shown deter io ra t ion of leak t ightness 

across valve sesta on a l l  a e t a l ( S t e i n t e stea t i p ) valvea a f t e r several 100 

to 2000 c y c l e · ; valves with VESPEL stea t ips have survived acre than 50000 

cycles with no measurable leak across the valve sea t . He have t h e r e f o r · 

deoldad t o use VESPEL atea t i p s on aost AGHS procese va lves . 

2 . 6 . 2 . Pressure regulators 

Several AGHS subsystems (CF, GC, PS) use upstresa and downstresa 

aechanlcal pressure regulators t o simpl i fy systea oontrol : with the 

exception of the c r y o d l s t l l l a t l o n systea , no other subsystem «aploya 

feedback control led valves f o r flow  respect ively pressure c o n t r o l . Figs 

13a and 13b show our design of a l l  a e t a l , bakeable and f u l l y t r i t i u m 

compatible pressure regu la to rs , the aaln body being ident ica l in design 

except ror a few small hardware pieces to obtain the desired conf igura t ion . 

The operating pressure i s set by applying a reference pressure (usually 

helium gas) on the reference side of the oontrol aeabrane. Tests have shown 

good control performance! pressure var ia t ion on the contro l led side i 1 

«bar for pressure var ia t ions on the opposite side of 1 bar i n a flow ra te 

range of 0 to 101 m i n *
1
, and a residual leak r a t e of < 1 χ I O *

1 a b l e "
1 In 

the closed posi t ion for ΔΡ  1 bar . Thla performance covers a l l AGHS 

appl ica t ions . 

3. CONCLUSIONS 

These exaaplea show that the design of a complex t r i t i u m handling plant 

not only requires a good basic concept, but can also great ly benef i t from a 

p a r a l l e l development prograaae providing well considered end tested 

technical solut ions f o r speci f ic problems. 

«. STATE OF THE AGHS 

 the construction of the plant bui lding star ted i n Hay 1988 

 procurement contracts hava been placed for CD. CF, ED, HF, IP 

 procurement contracts for most of the other ooaponenta wl l be placed 

by end 1968, ear ly 1989 

* f i n a l layout/design i s in progress on H, product storage, ana ly t i ca l 

equipment and subsystem interconnections 

 the control systea based on indiv idual subsystea PLC's i s i n the 

hardware d e f i n i t i o n stage. 

I t l a foreaeen t o eoa pi et β the aaln plant assembly by the end of 1969 

and s t a r t with plant commissioning in 1990, gaining experience with actual 

tokaaak operation during the JET f i n a l Da operation phase. 

Gradual introduct ion of t r i t i u m i n the AGHS l a planned ror 1990. 

s t a r t i n g operation of JET with OT plasaas a i d  1 9 9 1 . 
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Fig. 1 JET active gas handling system block diagram. 
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Fig. 2 Cryo-transfer pump (CTP) schematic. 
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LONGITUDINAL CROSS-SECTION OF URANIUM TRITIDE STORAGE CONTAINER 

CF100 

Fin 
, First containment 

Second containment 

Uranium piece Filter 
CF100 

Fig. 3 Uranium bed schematic. 

Gas stream 

Thermocouple 

Thermocoaxial 
heater 

¿MSA, 

i . * * * 

Fig. 4 Uranium bed; bottom : primary container; centre : heat transfer structure; top : 
bed fully assembled in secondary containment. 
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Fig. 5 First hydriding run of U-bed. 
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Fig. 7 Radiograph of fully activated Ubed after dehydriding at 600°C. 
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Fig. 8 Equilibrium pressure vs. temperature for the 
compositions UD290 and UD100. 
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Fig. 9 Water decomposition on iron bed, test setup. 
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Fig. 10 Transpiration pump schematic. 
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SIZE 4 NUPRO WITH SPRING CLOSED ACTUATOR 

SIZE 4 NUPRO WITH SPRING OPENED ACTUATOR 

Fig. 12a/b Spring closed and spring open actuator for !4 ' ' Nupro valves. 
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UPSTREAM PRESSURE REGULATOR 
Fig. 13a b Upstream and downstream pressure regulators in allmetal, tritium compatible design. 
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Appendix Ilio) 
JETP(88)64 

The JET Experience with Remote Handling 
Equipment and Future Prospects 

Τ Raimondi 

AgSTEACT 

Thi ooaalsslonlng and teatlng or nuMrous pleooa or equlpaent art now in 

progres» at JET. Two alcroprooaaaor controlled roroa feedback MASCOT IV 

aarvoaanlpulatora nan shown ooaparabls eharaotarlatloa to thoaa or tha 

previous snslogus types. Taaoh and rapaat aortwara parait» praolalon waldlnf 

and rapatici«· oparat lon» In a robotloa anda. Othar ooaputer aida ara 

planned to laprovo the aanaaohlne Intarraoai toolwoight eoapenaatlon, 

oonatralnta along preferred llnaa or planas, autoaatlo traoklni or tha TV 

oaaaraa. Tha lnveeael tranaportar, pro»1dad with ; vertloal ninfas, a 

pant l l t ro l l axunalon and apaolal purpoaa and efreotora, has baan uaad 

under dlraot vlaual oontrol to Install 32 toroidal Haltere and a radio 

frequency antenna». Taata or raaote Installation In taaoh and rapaat wara 

dona, using tha JET apara octant aa a aookup, sohlevlng repeatability or 

batter than Urn. A oonaldarabla nuaber or epeolal råaste handling tool» wara 

uaad Inside tha veaeel hsndson to align, out and weld diagnostic» ports and 

water plpaa. The putting and welding trol leys ware uaad handaon, on a total 

or 250a or l ip Jointe. The eiveeael tranaportar, a araneaounted vertical 

teleaoope, 17a high with s 10a horisontal ara, la being eanufaoturad. It 

will be equipped with aanlpulator and TV ayateaa and controlled «la Joystick 

or keyboard or In taaoh and repeat. laage processing ror co l l i s ion avoidance 

la being otudled. A low level transporter was used ror turbopuap 

replaoeaant and Is now being equipped with reaote control. Hookup work has 

started on the replaoeaent or the Neutral Injector aouroee. Bench teeta on 

flangee, heating Jacketa and connectors ara being done to Identiry 

rerineaanta needed. The Invessel lnapeotlon systea has been uaad at high 

teaperature In vaouua. 

i . iKTHooucTicej 

Tha JtT reaote handling aquipaant (Plg . l ) will be operator controlled 

rroa the reaote handling oontrol rooa, whlah Is now near ooapletlon111,121.1131. 

The principal reaote handling devloea to eubatltute aanual Intervention arat 

Nascot rorcererieotlng servoaanlpulatora (Pig.2) which oan either 

pooltlon autoaatic toola developed ror partloular taaka or uaa coapatlbla 

conventional too l s . The aarvoaanlpulatora ara position«! where desired by 

the large transportera  the artloulatad booa ror work lnalda tha vassal, and 

the crane aounted articulated ara (TARM) ror work on tha outalde. 

A low leve l tranaporter (ROLLT) and turret truck ooaplete the 

positioning requireaenta. 

Por aovlng heavy ooaponenta the Msscot la replaced by one or a aerleo or 

apeolalpurpoee end erreotore. 

Easentlal ror sucoessrul rsaote lnterventlona la the provlalon or olear 

viewing or the work area. To thla and a ayetea or teleoaaeraa are aounted on 

the aanlpulator, on articulated aras branching rroa tha booa and TARM and In 

fixed positions In the Torua Hall to guide the operatora who will work using 

aonltora in tha oontrol rooa. They will alao bo aided by a graphics 

workstation depleting on l ine the apveaants or the booa end TARN In and 

around tha vaaaal 114]. The InVaeeel loapaction ayatea haa been upgraded to 

perfora lnapeetlona at 300"C to avoid waiting ror the veasal to oool. 

2. SERVOHAHPUUTORS 

2.1 Possibi l i ty tr ia l s 

A Nascot 3 aarvoaanlpulator built In 19T0 was aoqulred rroa EXEA and 

aodiried to suit JET conrigurstlons. This wss uaad to try out varloua 

operations, a.g spot welding, handling or vaouua flanges, carbon t i l ea and 

electrloal connectors, to check that they could be done reaotely. In a l l or 

theee teata the value or roroorerieotlon to the operetor was apparent. The 

operator has, as nearly aa possible, the t eo t l l e sensation or actually doing 
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the job. This la what Jean Vertut [3I referred to as "telepresence". The 

manipulator has to be as "transparent" as possible, allowing the operator to 

concentrate his attention on the task rather than on the Manipulator. 

This "transparency" depends on the excellence of the servosystem in each 

Joint. Ideally the force and position imposed by the operator on the Haster 

unit would be equal to that Imposed by the Slave on the object handled. 

Consider the block diagram of a mechanical quadrupole representing the 

bilateral servo connecting two corresponding Joints with force ratio 1 

(Fig.3). The Input force and position Τ1.Θ1 are close, both statically and 

dynamically, to the output quantities exerted by the slave if 10 the Inertias 

of Master actuator J1 and Slave actuator J2 are negligible, 2) the stirfness 

οΓ the servo Kc is high, 3) the friction Cal and Ca2 in the Master and Slave 

mechanisms Is low and 4) damping Kv is adequate to avoid oscillatory 

response. 

If the servosystem is good it is possible to do operations requiring 

considerable dexterity. The rather brittle carbon tiles lining the vessel 

are mounted on dovetail rails with a spring arrangement to prevent damage due 

to vibrations. This makes It difficult to slide them on and off the rails. 

When this operation was tried with the manipulator a rudimentary tool was 

used consisting of a rod clamped to the sides of the tile. Gripping the ends 

or the rod with the two arms of the manipulator and applying a rocking motion 

with controlled forces, it was possible to remove the tiles without damaging 

them. 

Another example of a case where fast response of the servosystem allows 

the operator to act instinctively by trial and error Is Inserting a pin into 

a hole. This applies to all operations Involving insertion of connectors, 

doing up bolts or engaging spigots or dowels. Prompt force feedback can make 

it possible to do operations where viewing is impaired. For example a wrench 

can be located onto a flange bolt head partially hidden behind a pipe because 

the operator can feel where it is. Initially difficulties were experienced 

with the LENO connectors, particularly the larger sizes, where the weight of 

the cable dragging on the connector and the tight clearances made connection 

difficult even by hand. It was found sufficient to chamfer the male 

connector to resolve the problem. 

Confiding In the dexterity of the manipulator, conventional types of 

connections are used rather than embarking on special designs of automatic 

devices, which would have been costly and of dubious reliability. An example 

are the standard bolted vacuum flanges which were proven reliable and 

reasonably easy to handle (Flg.H). Bench tests have shown that the heating 

jackets, of very simple and Inexpensive design, can be handled using the 

manipulator. It also proved possible to change Cefilac seals, an operation 

envisaged in the hot cell. 

Trials were also done using the manipulator in different attitudes as 

problems of geometry and restricted access will not always permit the 

manipulator to work upright. For example, during insertion through the 

entrance port the Mascot has to be turned side on and in this attitude remove 

the tiles that have been added at the top and bottom of the port to prevent 

damage from the neutral beams. When a tile Is lifted off, the operator feels 

this as a sideways force. However, with a little training he soon gets used 

to this. The weight compensation system being studied at present should 

help. It Is important that the camera should be In approximately the same 

attitude with respect to the slave grippers as the operator tends to become 

disorientated. Operating with the slave upside-down to handle a Lemo 

connector underneath a simulated Junction box also proved satisfactory. 

Mascot 3 is still used for bench tests and trials could serve as an 

emergency backup. It has very good dexterity characteristics but its 

analogue control system puts it into the antiques class nowadays. 

2.2 Mascot IV servomanipulator 

Two Mascot IV servomanlpulators are on site and a third slave unit has 

been ordered. This latter one has motors with class H insulation so that It 

can work for longer periods at full load. The new manipulators, which are 

slightly smaller in size than Mascot III have the same mechanical 

characteristics but the control system Is microprocessor based, with 

transmission of signals on a serial link. For operations outside the vessel 

this is essential due to the considerable length and limited cross section of 

the connecting cables carried by the crane bridge. Digital control lends 

itself to the introduction of more sophisticated robotics algorithms: 

- Teach and repeat. This Is useful for repetitive operations or where 

viewing is impaired, e.g repair welding. To limit the amount or 

memory required, parabolic extrapolation, which corresponds to a 

constant acceleration, is used. Teach and repeat Is also used for 

the transporter which positions the manipulator in the work area and 

for the TV camera motions. It will result In a great saving of time 

in getting the manipulator and TV camera Into position In the work 

area. 

- Tool-weight compensation. This is particularly Important when the 

slave has to work in a different attitude from that of the master. 

It also alleviates operator fatigue while allowing good sensitivity. 

The torques at the various Joints, proportional to the angular 

displacement in a particular configuration of the slave, give, at 

steady state, information on the weight of the tool. By 

trigonometric calculations it is possible to compute on line the 

balancing torques needed at the various Joints to compensate the 

weight in any configuration. 

- Constraint of the trajectory on given planes or lines. This is 

useful, particularly where viewing is not good, to keep a tool on the 

line or plane or action. Operations such as sawing, screwing and 

aligning connectors can be greatly facilitated by this technique. 

The operator will retain force feedback and freedom of motion in all 

directions exoept the one perpendicular to the constraining plane or 

line. If he deviates from this, he will feel a force opposing him, 

the stirrer the servo the more sharply the force lnoreases. 

The teach and repeat facility has been incorporated in the Masoot 

software and commissioned. Tests have been done teaching and repeating at 

various speeds, with the master holding a ball point pen to draw irregularly 

shaped lines and repeat them. Repeatability Is estimated at 0.2mm in rangea 

of motion where backlash is recovered by gravity. This is sufficient for 

repair welding with the aid of aro voltage control. The trajectory can be 

improved in successive trials and then repeated. The precision of the 

trajectory taught depends on the steadiness of the operator's hand. A better 

alternative which we intend to pursue Is teaching the trajectory as a series 

of points and repeating with an interpolation algorithm. 

The tool-weight compensation and trajectory constraint facilities are at 

present being developed. Further software which Is intended to be developed 

and Incorporated in the Mascot control system is automatic 

tracking of the telecamera mounted on the Mascot slave. At present orienting 

the camera takes up too much of the time for any given operation. The camera 

axis could be kept approximately pointing at the slave grippers by an 

appropriate transformation which gives the three coordinates (pan, tilt and 

roll) of the camera In function or the coordinates of the oentre or the 

grippers. 

Some other enhancements are also envisaged. In the present system the 

only signals transmitted from Master to Slave and vice versa are the relevant 

Joint positions (Fig.3)· To compensate the damping Kv of the actuators which 

the operator perceives as a viscous drag, veloclty feed-forward signals 
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obtained by digital derivation οΓ U M angular positions are used. This 

produoaa some granularity. Transmitting the tacho .generator signals ahould 

make this disappear. Additionally these will be differentiated to give 

acceleration reed forward signals useful to reduce the Inertis reflected to 

the operator. 

3. «VESSEL TRANSPORTER 

3.1 Articulated Boos 

In Its final version the boom [*1 conalata of five segments articulating 

on the horizontal plane with a reach of 10« fro« the first hinge (Ita fro· 

the aupport trolley). The teralnal segment can also be tilted to position 

the end effector close to the top or botto· of the vessel. Any part or the 

vessel is accessible from one port (Pig.5). 

Care was taken in the choice of «ateríala to optimize strength versus 

weight. The flrat two segments are In stainless steel and the others In 

aluminium· alloy. These are all cloaed box structures to resist torsion. The 

boo· extension is an aluminium/magnesium. casting, strengthened by hot 

isostatic pressing. It had to be an open structure to ac co—oda t e the tool 

box and was optimised with finite eleaent calculations. The load capacity or 

the boo· is 350kg at ruil reach, and it being upgraded to 440kg. 

Hydraulic fluids were excluded by the high vacuus requirement· so all 

the motors are electric. The actuators are on the Joints and there Is space 

above the» for the oabllng to be routed between the top and botto· hinges. 

The actuators consist of Harmonic Drive gearboxes, directly coupled to Inland 

X torque motors, incorporating a DC tachogenerator. This solution offers 

the desired compactness for the high torque required (5000N·), fast response 

and negligible backlash. This In turn peralta installation directly on the 

Joint of a resolver, coupled to a 16 bit R/D convertor, which gives the 

required repeatability. The sain shortcoming of the Installed Harmonic Drive 

gear la a certain degree of elasticity. Stiffer actuators are being 

developed. 

The rotation of each of the sain Joints and the translation of the 

support trolley are controlled with a servoloop configuration as In Pig.6. 

The position error, calculated via software, la applied a· an Input algnal to 

hardwired velocity servos controlling the aotors with PUH pula· width 

•odulatlon) amplifiers. The torque T developed by each gearbox depends on 

the angular difference & between Its Input and output aharts and Is a 

function of its elasticity, backlash and efficiency in both direct and 

backdriven modes. The single Joint servoloopa are reciprocally coupled 

through the system dynamics which virtually correspond» to the inertia satrlx 

of the five segments. 

A dynamic model was set up, validated and used to optimize the 

paraseters. 

The control system [ţi is microprocessor based and provides the 

following functions 

• Cloaed loop control of all Joints and open loop control or adjustment 

Jacks and various end effector motors. 

• Control or the boo· fro· either the Remote Handling Workstation or · 

local handbox. 

 Safety interlocks to prevent Joint runaway or servo errors. 

There are three modes of operation! 

a) Direct mode  one or two Joints can be selected and aoved in rate 

control fro· a Joystick or position controlled fro· a keyboard. 

b) Resolved action  either In "tool* coordinate frame located on a 

preselected segment or "world* coordinate fra·» in fixed position. 

o) Teach · repeat, which allows previously taught sequences to be 

automatically repeated. 

The control system is interfaced to a graphics workstation which offera 

a powerful visual »Id. ahowlng in real time the position of the boom relative 

to the environment, and also offer» a facility ror offline teaching. 

3.2 Use of boom 

During the 1967 shutdown 32 belt Halter sectors and B RF antennae were 

Installed using a handbox under visual oontrol Inside the vessel. This year 

in May two faulty antennae were replaced. 

3.2.1 Belt Halter installation 

The Halters consist of two belts circling the vacuum vessel, each la 

composed or interchangeable sectors weighing 80kg. Each sector la basically 

a aet of fins welded onto s cooling water pipe, with graphite or beryllium 

tiles mounted in the fin interspaces 111]. 

The installation sequence Is as follows ι 

The Halter sector is ofrered up to the articulated booa by the turret 

truck approximately 6m above the floor. It is picked up by the boom end 

effector, consisting or a "shield" provided with 4 hooks. 

A sequence or aoveaanta or the hinges then brings the boom from the 

starting configuration through the port and up to the requested position of 

the Halter In proximity of the wall (Fig.7). 

With a tilt motion combined with a radial adjustment the Halter then 

follows a trajectory virtually tangent to the veasel with a 

precision of Sam, so that Its cooling pipe can be positioned behind the 

adjacent sector, as shown in Fig.8, which refers to an upper segaent. Its 

upper fixing plate engages the top hook fixed to the vessel. For the last 

belt Halter sector, which cioses the belt ring, the positioning precision 

needed in plan view is in the order of 2mm. The support plate Is lifted 

above the lower spring operated pivoting latch fixed on the vessel and then 

lowered onto the hook. The boon end effector la then disengaged from the 

Halter by lowering it slightly so that Its hooks can slip out of the 

engagement holes In the support plate. 

3.2.2 Antennae Installation 

Each antenna [1ΓΊ consists of two parts: 

 The antenna "housing" weighing approximately 300kg is Installed on 

the wall by Inserting the two coaxial feedthroughs used ss guiding 

dowels In the corresponding holes In the vacuum veasel wall (Pig.9). 

Once positioned, the antenna housing la secured by a bayonet 

engagement manoeuvred outside the W . 

 The electrostatic "screen", weighing approximately 200kg is 

positioned on guiding pins previously Installed on the housing and 

fastened to this using the servomanipulator. 

Up to now those operations have been done positioning the boom under 

visual control and fixing the components hands on. The cutting and welding 

of the pipes was done using the RH tools developed for the purpose [6]. 

A number of handling probles» oase to light. It was difficult to keep 

the water pipes accurately aligned for butt welding because the specs is too 

restricted to sccoaaodste strong clamps and the orbital welder. The answer 

could be a aplgot weld configuration to relax alignment requirements and/or 

Initial tack welding before orbital welding. Features are needed to ensure 

that the screen is accurately homed onto the housing so that the side bolts 

engage easily. 

A load Indicator is needed on the boom to ensure that it Is not 

withdrawn before the load has been deposited. The end effector is at present 

being sodi fled to take a larger load in view of the Low Hybrid antenna and 

give finer vertical and tilt control, at the same tlae getting rid of one of 

the actuators. 

3.2.3 Mockup tr ia l 

In April 198ft, ful l scale mockup teats were done using the spare oc Unt 

and almulated port to instal l a belt limiter sector, antenna housing and 

antenna screen. These t e s t s showed that TV viewing or the fixing points or 
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these components Is virtually Impossible and so joystick control Is not 
feasible in remote conditions. A trial was done of Installing a limiter 
sector using teach and repeat. This was successful, the precision of the 
trajectory being within 5mm as required. The whole operation took 
approximately one hour. When It comes to operation on the actual machine, 
however, the file taught on the mockup may not be quite correct because of 
vessel movements. It is intended to develop software which will allow 
application of a translation of coordinates to correct the taught file at 
certain visual checkpoints in proximity of the fixing points. The boom 
support rail will have to be aligned with the entrance port for each new 
intervention. 

It was found difficult to guarantee that the hooks on the shield were 
totally disengaged from the limiter before retracting the shield. Tiles 
could be damaged by the shield catching on the limiter and causing the boom 
to Jerk. Actuated hooks have been developed to replace the present ones. 

The control syaten of the boom has been refined and it is now possible 
to teach in resolved motion and repeat with several Joints at a time. This 
overcomes the difficulties encountered in inserting the boom through the port 
with the narrow gaps available (approximately 10mm). The time required for 
full Insertion of the boom into the vessel is about half an hour. By 
rewriting part of the software, originally in BASIC, into FORTH it is 
expected to reduce to 15 minutes. It is planned to Investigate techniques of 
hybrid position/ force control, using force transducers already installed on 
the Joints. The aim is to improve the dynamic response and to Improve 
stiffness or compliance depending on the operation to be done. 
4. EX-VESSEL TRANSPORTERS ' 

The telescopic arm, at present being manufactured and due for delivery 
In early 19Θ9, is the main transporter for access to areas on the outside of 
the vacuum vessel. It will be suspended from the crab of the main 150 tonne 
crane, which was used for the installation of the machine. Auxiliary 
transporters are the Low-level Transporter and the Turret Truck. 
Ί.1 Kain 150 tonne orane 

The crane was specified with the fine controls that would be required 
during remote operations. This turned out to be a bonus during the assembly 
phase. Positioning the 130 tonne octants with tolerances of about 1mm was no 
problem. A trial of inserting one octant with TV viewing was successful. 
Minimum incremental displacement of the load were of the order of 0.2mm In 
the vertical direction and 1mm horizontally, with negligible swinging 
effects. All the crane motors are thyristor controlled. The load is 
continuously monitored by means of load cells. Given the elasticity of the 
ropes and the low controllable speeds, vertical contact loading can be kept 
below 300kg. The rotation of the 150 tonne ramshorn hook is motorized. This 
hook will be replaced by a shackle for remote engagement to lifting eyes. 

Position sensors will be installed to transmit the position of the hook 
to the operator console. This will eventually permit teach-and-repeat 
control. For emergency retrieval of the crane Its motors will be switched to 
a backup battery via radio. 

A fault analysis drawing from operational experience is being done in 
order to eliminate electronic malfunctions and to make some modifications to 
Increase the reliability of the reeling system. 

To lift large, delicate structures such as the outer poloida1 field 
coils a four-rope system with hydraulic load equalizers is used. This system 
will also be used to raise to Its location under the crab the structure 
supporting the telescopic articulated remote mast (TARM) (Fig.10). 
1.2 Crane-mounted telescopic articulated remote mast 

Fig.11 shows schematically the TARM motions. Fig.12 shows the operating 
configurations required to enable the Mascot to reach positions not only 
above, below and down the central core of the torus, but also halfway across 

Inside the vaouum vessel in order to work In conjunction with the articulated 
boom during installation of heavy components. 

A 250kg Jib crane (K) is positioned on the moving vertical telescope so 
as to be able to li'ft very long diagnostic equlpaent out of the top of the 
machine. A 6 tonne Jib crane (J) with motorized hook will carry out moat 
lifting operations In conjunction with the Mascot. 

The vertical mast can be coupled directly to the Mascot ror aooess down 
the middle of the machine or the horizontal telescope may be attached with a 
purpose designed remote attachment system. A limited (+10', -15°) tilt 
aotlon (Al) allows for deflection compensation and also allows the Masoot to 
reaoh 0.9m below the floor level for basement maintenance. 

In order to minimise cable requirements and for ease of commissioning, 
the service modules are all attached to the TARM. These include power 
supplies and local controllers for the drive units, signal conditioning for 
sensors and TV cameras, Mascot slave controller, water supplies for tools, 
air supply for tools and air make-up for gaiters. 

The microprocessor based control system will have similar features to 
that of the boom with single Joint closed loop servocontrol, teach-and-

repeat and resolved motion. Here also control will be from the Remote 
Handling work station, from a portable hand box, or from the Graphics work 
station. 

A study to test the feasibility of an obstacle avoidance system, using 
Image processing equipment on loan from Euratom, Ispra, Is in progress. To 
avoid complicating the equipment with additional hardware, it la intended to 
use existing TV cameras, adopting image analysis techniques. For transversal 
motions a known pattern is altered by any object Impinging onto the field of 
viewing. For longitudinal motions in the direction of the boom a TV camera 
mounted at the front detects objects coming into focus by sensing the high-
frequency content of the video signal. 
1.3 Auxiliary transporters 

The Low Level Transporter (ROLLT) was specified and procured for 
operations Involving components on the lower half of the vessel whioh are not 
accessible to the overhead crane. It is a modified fork-lift truck equipped 
with an attachment and end effector capable of precisely controlled 
movements. It will be used In conjunction with a manipulator supported by 
TARM. In the 1987 shutdown it was used to install seven turbopumps and two 
VAT valves. It Is now being upgraded to remote operation from the RH oontrol 
room. 

The Turret Truck, whioh is used to lift end effectors and components up 
to the boom, will also be equipped to carry a third slave unit for 
four-handed operations in association with TARM, ahd for work In the hot 
cell. 
5. SPECIAL TOOLS 

For operations in areas where accesa is difficult, or which require high 
precision or large forces, special tools are being developed. These will be 
positioned by the manipulator. Efforts were made during the design phase of 
the machine to standardize and simplify components so that the number and 
complexity of such tools could be kept to a minimum. 

A significant example is the cutting and welding trolley, designed to 
out and reweld, if necessary, any of the large vacuum Joints [7]· Tools have 
also been developed for cutting and welding of the 91am diameter circular 
sapphire windows for diagnostics. 

Recent additions to the ln-vessel equipment - the belt limiters and the 
ICRF antennae - have complicated the remote handling scenario. One of the 
main difficulties is the cutting and welding of the cooling water piping on 
the vessel wall. Here the working envelope is very restricted and a series 
of compact tools to align, weld and cut mating pipes has been developed [β]. 
These special tools were successfully used hands-on during 1987 (see par. 

A456 



3.2.2). Probleme anticipated l" reaot· «edition* ar· aaaoclatad with 
elsallgnment« and Irregularltlea In mating aurface·. Hookup Mata. which 
nav· now basun, will ahow th· Maauro of th«** dirrieultloa. 
«. uvtsszL »SPECTIC« 

Porlodlo lnap*otlona of th* Interior of th* vacuum v*aa*l nav* to be 

dona to oh*ck for damege du* to plaaaa dlaruptlona. A ayatem [9] waa 

davalopad to aoan tha veaael ualng four TV probo· through a**l l ap«rturaa In 

th* top of th* vaaael without breaking th* vaeuua. à graat effort of 

miniaturisation waa required to oomproaa th* optica and electronico Into the 

amali dlaaeter available. 

Another proble* waa to provide aufflolent Illumination, particularly 

alnoe the veaael haa been oarbonlsed. The In i t ia l aolutlon waa to uaa 

highenergy flaahllght and digital fraaegrabbera. The laage obulned or the 

Inner part of tho veoael reaalned hasy beoauae dlreot light Impinging on th* 

viewing glaaa la aoatterod Inalde I t . A etudy la planned on the feaalblllty 

of ualng pria*· auapended In the veaael. Raoently I t haa been poaalbl* to 

■eke a oonaldorable laproveaent. So«* mora penetratlona were *ad* available 

to provide oontlnuoua lighting, rour vaouuattght aaaaablloe of alllca light 

guidée are Illuminated by aaall powerful purpoaedealgned projeotora altad 

above the penetratlona. 

Another drawbaok with the original ayatea waa that the veaaal had to be 

ocoled down to below 50C to do an inapaotlon. After feaalblllty teat · , high 

temperature probea to be uaed at 300*C war« dealgned and manufacturad [ io ] . 

T. CO*CLUSIC« 

Nuoh or the prlnolpal remote handling equipment la now on alte. Tho 

taak ahead la to gat a l l the equipment together Into a working ayatea. Thla 

la a taak whloh la Juat aa demanding aa the dealgn and development of tho 

oqulpaant. I t la eaay to undereetlaat* tha t i n and «frort required for 

ooaalaalonlng complex digitally controlled equipment and oorreotlng the 

eortware. Another area or aotlvlty not to be overlooked In planning 

reaouroea la tha wiring, the dealgn and preparation or whloh auat go hand In 

hand with th· dealgn or meohanloal parta. 

A vary Important programme or t r i a l * on partial mookup* will alert to 

poaalbla ahortoommlnga In th* oqulpaant and ahow what further tool* are 

required ror the varloua operation*, and aleo whather any other component* 

have to be modified before the DT phaae. 

AcnnuuDoiMtirrs 

Thanka are extended to a l l th* mambara or tha remote handling group·, 

whoa* work forma th* baala or Ulla papar. 

J. oman et a l . ■Preparatloa ro DT Phaae Operation In JET', Proc. 1»th 

SOTT, Avignon, September 198«. 

A. Galetaaa * t a l , *An Integrated oontrol ayate* ror remote handling at 
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Fig. 1 Remote handling layout. 

Fig. 2 Mascot IV. 
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Fig. 3 Mechanical equivalent schematic for one degree of freedom. 

Fig. 4 Mascot III using hydraulic wrench to bolt RH flange. 
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\ \ SHORTER VERSION 
BOOM SCHEME, 
CAPACITY:! TONNE 

EXTENDED VERSION, 
BOOM SCHEME, 
CAPACITY: 350 kg 

Fig. 5 Configuration of articulated boom in shorter and extended versions. 
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Fig. 6 Servoloop of articulated boom joint. 
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Fig. 7 Boom positioning limiter. 

VESSEL \MM_L 
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Fig. 8 Limiter installation. 
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SAFETY LATCH 

JET VACUUM WALL 

GUIDING PINS 

SPRING OPERATED 
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ANTENNA SCREEN IN 
PARKING POSITION 

BAYONET LATCHES 

HOUSING GUIDING DOWEL 

SCREEN SHIELD 

ANTENNA HOUSING 

Fig. 9 Schematic of antenna screen handling. 

Fig. 10 CAD model of TARM. 
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Fig. 11 Schematic of TARM movements. 

1 Mascot mounttd direct onto 
bottom ol vertical mast ■3 FL 

2 Lifting b*am 
configuration 

A3 
FLANGE 

Û.E 
LFTMG ATTACHMENT 

3 Normal mascot 
optratlon 

Ξ 
MASCOT BOOM DTENSION ' " " · * AXIS A3 

4 Exttndtd roach 
Mascot 

CB « A3 
FLANGE 

s. Έ 
FIANSE FLANGE AXIS A3B 

MASCOT BOOM EXTENSOH BOOM ADDITION 

Fig. 12 Operating configurations of TARM. 
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Appendix III (k) 
JET-P(88)78 

Contributed papers presented at 12th International Conference on 
Plasma Physics and Controlled Nuclear Fusion Research 

(Nice, France, 12th-19th October 1988) 

Many Authors 
Title Presenter No. 

Latest JET Results and Future Prospects 
(IAEA-CN-50/A-1-3) 

R.J. Bickerton 
(JET Team) A467 

2. The JET Η-Mode at High Current and Power Levels 
(IAEA-CN-50/A-III-2) 

M. Keilhacker 
(JET Team) A490 

3. Heating of Peaked Density Profiles Produced by G.L. Schmidt 
Pellet Injection in JET (IAEA-CN-50/A-IV-l) (JET Team) A5n 

4. High Temperature Experiments and Fusion Product 
Measurements in JET (IAEA-CN-50/A-4-4) 

P.R. Thomas 
et al A532 

5. Experimental and Theoretical Studies of Ion 
Cyclotron Heating on JET (IAEA-CN-50/E-II-3) 

D.F.H. Start 
et al A543 

6. The Plasma Boundary in JET (IAEA-CN-50/A-VH-12.2) L. de Kock 
et al A555 

7. Sawtooth Activity and Current Density Profiles 
in JET (IAEA-CN-50/A-7-2) 

D.J. Campbell 
et al A567 
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Latest JET Results and Future Prospects 

The JET Team* 
(presented by R.J.Bickerton) 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K. 

Abstract 
Following technical modifications to the machine the plasma current in JET has been 
increased to 7 MA for limiterbounded plasmas and to 5 MA for singlenull, magnetic 
separatrix operation. Additional heating power has been raised to 20MW of neutral beam 
injection and 18 MW of ion cyclotron resonance heating. The maximum total plasma energy 
content has exceeded 10 M J. Ion temperatures up to 23keV, central densities up to 
1.8 χ 102"m ' and energy confinement times up to 1.2 s are achieved in different discharges. 
Simultaneous ion and electron temperatures greater than lOkeV have been achieved, 
showing no deleterious effects on confinement. Plasma temperatures exceeding 5 keV have 
been maintained for 20s in a 3 MA discharge heated by ion cyclotron resonance heating 
(ICRH). The level of carbon and oxygen impurities ¡s a major problem with the ratio 
between deuterium and electron densities in the range 0.150.80 depending on conditions. 
Several features of αparticle physics have been studied, notably by the RF heating of 
minority ions to mean energies of order 1 MeV. The fast particles slow down and heat 
the plasma in broad agreement with expectation. Plasma conditions in deuterium plasmas 
corresponding to an equivalent DT) thermonuclear Q = 0.1 and total Q = 0.25 (including 
nonthermal reactions) have been reached. Exploiting the full high current, high power 
capability of the equipment is expected to increase these figures to ~ 0.3 and 0.6, respectively. 
Still further increases can be expected when various changes and additions are implemented. 
These are designed to control profiles of density and current and at the same time reduce 
the impurity content. Extrapolating the JET confinement data to a reactorscale plasma 
shows that there should not be a problem with energy confinement but rather with 
disruptions and the control of particles and impurities. Experiments on both these aspects 
are planned including fuelling by highspeed pellets and feedback stabilisation of the 
instabilities which precede disruptions. 

1. Introduction 
The Joint European Torus (JET) is a large tokamak"'21 designed to study: 
(a) the scaling of plasma behaviour as parameters approach the reactor range, 
(b) the plasma wall interaction in these conditions, 
(c) plasma heating and 
(d) αparticle production, confinement and consequent plasma heating. 

The JET tokamak started operation in June 1983 and has since been progressively 
. . , CR 88 156 

see Appendix I 
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upgraded and developed. This paper concentrates on the results of the last two 
years, indicates further planned changes and discusses the resulting future 
prospects. 

2. Machine Performance 
Following the 1986 IAEA Conference'31, substantial modifications and additions 
were made to JET. These included: 
(a) Installation of two water-cooled toroidal belt limiters above and below the 

mid-plane. 
(b) Installation of eight ion cyclotron resonance heating antennae'41, 

symmetrically placed around the torus on the low-field side between the 
upper and lower belt limiters. Each antenna is fed by an RF amplifier in 
the frequency range 23 - 57 MHz with 3 -4MW for nominal pulse lengths up 
to 20 s. 

(c) Installation of a second neutral injector box oriented in the same direction 
as the first, equipped with eight ion sources and designed to inject a power 
of 10MW, 80kV, deuterium (total of two boxes -20MW). 

(d) Improvements to the poloidal field system permitting more flexible 
operation. This gives the capability to use the available volt-seconds fully 
and to produce single null configurations at higher currents. 

(e) Improved vacuum vessel restraints to allow safe operation at higher currents 
in elongated plasmas. 

(0 Many diagnostic improvements, most notably the time-of-flight short laser 
pulse, Thomson scattering system giving radially resolved measurements 
of electron temperature and density (LIDAR) together with modifications 
to the multi-channel interferometer to permit measurements of Faraday 
rotation angle and hence the calculation of the poloidal field distribution. 

(g) Installation of a multi-pellet injector'5,61 capable of injecting deuterium 
pellets of 2.7,4 or 6mm in diameter at speeds in the range 1-1.5 km/s. The 
injector was supplied and is operated as part of a collaborative programme 
with US-DOE. 

(h) Installation of 32 poloidal rings of carbon tiles as X-point energy dumps. 

All these technical elements have been brought into successful operation although 
not without difficulty. Some water-cooled parts inside the beam boxes and 
antennae in the main torus have developed leaks as a result of thermal cycling, 
beam loading or disruption forces. The problems have been dealt with by changes 
in design. 

The JET rated performance and achievements are shown in Table I. The most 
striking features are the operation at 7 MA, about 45% higher than the design 
value and the flexibility of the apparatus which has permitted high current opera
tion with magnetic separatrix-bounded plasmas, not foreseen in the original 
design. 
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Table I 
JET Parameters 

Parameter 

Plasma major radius (R0) 
Plasma minor radius 

horizontal (a) 
Plasma minor radius 

vertical (b) 
Toroidal field strength at R0 

Plasma Current: 
Limiter mode 
Single null Xpoint 

Neutral beam (NB) power 
(80 kV, D) 

Ion Cylotron Resonance 
Heating (ICRH) 
power to Plasma 

Design Values 

2.96 m 

1.25 m 

2.1 m 
3.45T 

4.8 MA 
Not foreseen 

20 M W 

15MW 

Achieved Values 

2.53.4 m 

0.81.2m 

0.82.1 m 
3.45 T 

ZOMA 
5 MA 

21 MW 

18MW 

3. Operating Limits and Disruptions 
The conventional operating diagram in \/qc versus ñe R/B, space is shown in 
Fig. 1. Here l/qc is normalised plasma current defined as (\/qc)= nRI/ SAB, 
where R is the plasma major radius (m), /the plasma current (MA), A the cross

sectional area of the plasma (m2) and B, the toroidal field strength (T) at the 
major radius R. Fig. 1(a) shows the flattop parameters of nondisrupting 
discharges with ohmic heating only. Discharges fuelled by gaspuffing show a 
density limit given by ñ < \2B/Rqc χ 10l9m3, while densities more than 2 times 
higher can be obtained with pellet fuelling. Fig. 1(b) shows the results with 
additional heating where similar densities can be obtained without pellets both 
with RF and neutral beam heating. The density limit disruptions are consistent 
with a rise in the radiated power in the outer regions to close to 100% of the 
input, and a resulting narrowing of the current channel leading to MHD 
instability. 

The disruption process then proceeds in stages, a precursor period with 
externally detected growing m = 2, η = 1 magnetic oscillations at  500Hz. When 
the amplitude reaches 10 3T the mode locks and continues to grow. This is 
followed by an energy quench in which the major part of the plasma energy 
is lost in  1 ms. Finally there is a current decay phase in which the plasma current 
falls to zero in a time which can be as short as 5 ms. The poloidal field energy 
is converted into radiation and runaway electrons (e.g. ~5MJ or >25MeV 
electrons for a 5 MA disruption). Fig. 2 shows the maximum rate of current 
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0.7 
OH Pulses 

• indicates point (~0.1s) 
after pellet injection 

· . ' · nRq 
- B 3 = 2 0 

n e R/BT (10 1 9m~ 2T" 1 ) 

rteR/BT(10,9m-2T-1) 

Fig. 1 Normalised plasma current, \/qc versus normalised density, nR/B, for non-disrupting 
discharges (a) with ohmic heating, (b) with additional heating. 
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Fig. 2 Maximum dl/dt versus / for current quench phase of disruptions. 

collapse versus current in JET. The eddy currents induced in the torus by the 
rapid current collapse lead to large forces on the vessel of order 20t/m2. The 
vacuum vessel mounting has been considerably strengthened to reduce the 
resulting displacements. Further measures to stiffen the torus by welding toroidal 
rings on to the inner wall are planned for the next shutdown. 

Apart from density limit disruptions the operating diagram also shows 
disruptions whenever the field line q at the boundary, q^, approaches 2. 
These low q disruptions are simpler in that there is no long sequence of 
precursor behaviour. Instead, there is rapid growth of MHD instability followed 
by an energy quench and current decay similar to the final phases of density 
limit disruption. 

The JET experience so far is that the energy quench and runaway electron 
production have not caused significant damage to the torus interior. However 
the impulsive forces on the vessel, on internal and external components, have 
been the cause of vacuum and water leaks. 

It is clear that disruptions are a major problem for future tokamaks since 
they are planned to operate at much higher currents in essentially steady state. 
Experiments on the feedback stabilisation of the initial small amplitude magnetic 
oscillations will be carried out in a later phase of the JET programme. 

4. Discharge Types 

4.1 Operating Variables 
Discharges have been operated with different boundary conditions, heating 
scenarios, particle fuelling and pumping arrangements. Fig. 3 shows the poloidal 
flux plots for three cases: (a) with a limiter-bounded plasma; (b) and (c) with 
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single and doublenull magnetic configu

rations. The fuelling variations include 
using gaspuffing at the boundary, inject

ing pellets or neutral injection to provide 
central fuelling. The particle pumping at 
the boundary can be varied by using differ

ent surfaces in the vacuum vessel and by 
conditioning those surfaces (eg. by helium 
discharges before the main pulse opera

tion). The heating scenarios are variations 
and combinations of neutral beam (NB) 
and ioncyclotron resonance heating 
(ICRH). The neutral beams have been 
operated entirely in coinjection mode with 
deuterium at 7080kV. ICRH has been 
used with H or 3He minority in D or 4He 
plasmas. This heats the minority ions to 
energies in the range 100 keV1 MeV, above 
the critical energy, so that ultimately the RF 
power goes to the electrons. The deposition 
zone has typically a halfwidth of 30cm. 
The radial profiles of A?, Te and T¡ for vari

ous discharges are obtained from the 
LIDAR Thomson scattering system and 
charge exchange recombination spectros

copy, q profiles are deduced by magnetic 
analysis of external signals, which is 
inaccurate in the centre except for the 
7MA, monster sawtooth and 
Ηmode cases where Faraday rotation and 
Xray data have been combined with 
magnetic analysis. 
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Fig. 3 Poloidal flux contours for 
(a) 7 MA limiterbounded plasmas, 
(b) 5.1 MA single null magnetic 
separatrix and (c) 3 MA double 
null separatrix. 

4.2 Ohmic Discharges 
The radial profiles for a 7 MA ohmic discharge are shown in Fig. 4. This parti

cular discharge had a short flattop time of 2s and was operated cautiously with 
moderate density to avoid disruption. Since q^ is low at 2.8, there is a large central 
volume inside the q=1 surface where the profiles of both density and temperature 
are flat. The central q value is 0.8 + 0.1 and the discharge is sawtoothing. To 
economise on voltseconds and hence reach 7 MA, it was neccessary to use a 
helium prefill for the initial breakdown phase. For this reason, the Zeff was 
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3.0 3.5 
Major rad us (m) 

Fig. 4 Radial profiles of electron temperature, electron density and 
safety factor in a 7 MA plasma. From Faraday rotation measurements 

<7(0) = 0.8±0.1. fl = 3.1T, P,„, = 8.5MW, Z f / /=3.7, x£ =0.6s. 

Pulse No: 18123 
Combined heating 
l = 6MA; t= 13.0s 
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Fig. 5 Radial profiles of electron and ion temperatures, electron density and 
safety factor in a 6MA discharge with 24MW of heating power. 

B3.1T, PRf6\l\X, PNfl = 13MW, Zf//=4.8, Tt =0.33s. 
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Fig. 6 Radial profiles of electron and ion temperatures, electron density and safety factor in 
a 3MA, low density discharge with 5=3.1T, PRF=8MW, PNB = 8MW, PTOT=16.5MW, 

Zef/=5.2, τΕ =0.4s. 

relatively high and the neutron yield low for the conditions of 
density and temperature. 

4.3 High Current, High Power Discharges 
Fig. 5 shows the radial profiles for a 6 MA, limiter-bounded high power discharge. 
Again, at this high current, there is a large radial zone in which the deduced 
value of q is less than unity and the gradients in electron temperature and density 
are low. With the electron temperature at ~ 5 keV, the neutral beams with energy 
per nucleón of 40keV give their energy primarily to the ions. However, because 
of the high density the two temperatures are closely coupled by collisional 
equipartition. 

4.4 High Temperature Discharges 
Fig. 6 shows the profiles for a 3 MA discharge in which special measures were 
taken to keep the density low and hence to achieve high temperatures. There 
is a relatively small core where q<\, and correspondingly both temperatures 
and density are relatively peaked. Both ion and electron temperatures exceed 
lOkeV in the centre. The neutron rate is high with the major contribution from 
beam-plasma reactions. At these temperatures directly relevant to reactor 
conditions, the energy confinement time is 0.4 s, in agreement with the usual 
JET scalings and shows no signs of further degradation. 
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4.5 Monster Sawtooth Discharges 
Fig. 7 shows the profiles during a socalled 'monster' sawtooth produced by 
localised, central minority ion cyclotron resonance heating of moderate q^ (  4) 
discharges. Such sawteeth have now been produced with duration up to 3.2s. 
Magnetic measurements of Faraday rotation'71 show that during the period <7(0) 
is progressively reduced to ~ 0.8 + 0.1. This is consistent with resistive diffusion 
calculations assuming neoclassical resistivity and the measured central electron 
temperature. The stabilising mechanism against m = 1, n = \ MHD instabilities 
is still uncertain although there is the possibility'81 that an essential role is played 
by the fast minority particles. These 'monster' sawtooth discharges show the 
increase in reactivity coming from the profile peaking. However they are 
terminated by a crash in which 30% of the plasma energy is lost in a few 
milliseconds. They can be seen as evidence of what could be achieved in steady 
state with external control of the current distribution in the plasma. 

4.6 PelletFuelled Discharges 
Fig. 8 shows the profiles for a discharge in which pellets are injected during the 
current rise phase to produce a highly peaked density distribution'61. With ohmic 
heating alone, this decays slowly on a time scale of 2  3 s. Central ion cyclotron 
resonance minority heating increases the central electron and ion temperatures 
to  lOkeV, while ñ/(n) and ñ then decay to 2 and 6xl019m"3, respectively, 
in 1.5 s. Note that there are very steep pressure gradients in the core, and a very 
high pressure on the axis. 
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Fig. 7 Radial profiles of electron temperature, electron density and safety factor in a 3 MA 
plasma during a long 'monster' sawtooth. From Faraday rotation measurements q(0) = 0.8 ± 0.1. 

ß3.1T, P Ä f 7MW, / \ B = 6.5MW, P r o r=14MW, Ze / / = 3.9, τ£ =0.38s. 
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Pulse No: 17749 
Pellet discharge 
' = 3 MA; t = 4.2s 

3.0 3.5 
Major radius (m) 

Fig. 8 Radial profiles of electron and ion temperatures, electron density and safety factor in 
a 3MA, pelletinjected discharge with 5=3.1 T, PRF=13MW, PNB = 5MW, PTOT=l9MW, 

Ze//=2.0, τΕ =0.26s. 

Pulse No: 15894 
H  mode 
l = 3MA;t = 16.0s 

3.0 3.5 
Major radius (m) 

Fig. 9 Radial profiles of electron and ion temperatures, electron density and safety factor in 
a 3 MA, Ηmode plasma. Faraday rotation measurements yield <?(())=0.8+0.1 and the dis

charge is sawtoothing. 5=3.1 T, PA,B=7.5MW, PTOT=8MW, Ze//=3.3, τΕ =1.1 s. 
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4.7 Hmode Discharges 
Fig. 9 shows the profiles during the Ηphase of a 3 MA discharge with 7 MW 
of neutral beam injection. Striking features are the nearflat density profile and 
the high electron temperature near the separatrix boundary. The confinement 
time is high as is the density. These Ηmodes191 are characterised by increasing 
density and radiated fraction during the Ηphase which is then terminated when 
the radiated fraction approaches unity. So far, attempts to couple RF power and 
maintain Ηmodes have failed. Switching on the RF during a beam created H

mode caused a rapid termination of the mode due to increased radiation. It is 
clear that the high confinement of energy also extends to bulk ions and impurities 
and so brings its own problems. 

5. Impurities 
The main impurities are oxygen and carbon, with concentrations of 110%. 
In addition, there is nickel with concentrations 10"510~4, higher values 
corresponding to RF heating from the nickel antennae. Fig. 10 shows Zeff 
versus ñ for a representative set of data. Clearly, there is an overall trend to lower 
Zeff as the density is raised. 

Impurity accumulation is seen in some Hmodes[9]. Accumulation is also seen 
in peaked density profile, pellet produced discharges. Curiously, accumulation 
is not seen in monster sawtooth cases despite the absence of sawteeth. Normal 
limiter bounded discharges with sawteeth do not show accumulation. 
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Fig. 10 Effective ion charge Z^ versus average density for JET discharges. Ηmodes are iden

tified separately. Line is the function Zeff=2+2/ñ19 used later in predicting performance. 

A47T 



Radiation profiles are generally hollow so that radiation does not play any 
significant role in the energy balance in the plasma interior. The primary effect 
of impurities is to deplete the density of hydrogen isotopes in the core. The ratio 
of deuteron density to electron density is reduced by the presence of impurity 
ions with charge Z, by, nD/ne = (Z¡Zeff)/(Z¡\). With Z, = 7, intermediate 
between carbon and oxygen, and with Zeff between 2 and 6, nD/ne is in the range 
0.80.15. 

This range of values is confirmed by neutron yield measurements. The highest 
values of nD/ne are for pelletfuelled cases, intermediate are Ηmodes and lowest 
are low density, high temperature limiter discharges. 

6. Bootstrap Current 
A significant bootstrap current driven by the pressure gradient110,20] is seen most 
clearly in Ηmode discharges. Fig. 11 shows the timedependence of the surface 
voltage which transiently reverses sign. The calculated voltages with and without 
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Fig. 11 Surface voltage versus time. Calculated voltage is shown for bootstrap and no boot

strap current. Bootstrap current is 850 k A. Total current is 3 MA. Discharge is in Ηmode phase. 

the bootstrap current are shown. Only the case including the effect gives sign 
reversal and agreement with the experiment. The TRANSP code is used which 
solves the time dependent resistive diffusion equations incorporating the full 
neoclassical expression^11 for the bootstrap current density as well as beam 
driven contributions (small here). In this case, 850 kA is bootstrap driven out 
of a total current of 3 MA. 

We can expect bootstrap currents of 12MA in 5MA discharges with the 
plasma energy content in the range 1530 M J. 
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7. AlphaParticle Physics 
Some aspects of αparticle physics have been studied. Measurements on triton 
burnup"y| show that the 1 McV tritons produced in the DD reaction slow down 
classically on the plasma electrons at the theoretical rate, w ¡thin 20% experimental 
error. Other aspects of αparticle ph> sics are simulated in ion cyclotron resonance 
heating of 'He minority in deuterium plasmas. In these experiments"21, up to 
60kW of fusion power in charged particles is produced and monitored by 7

rays from a low branching ratio nuclear reaction. The energy content in fast ions, 
as monitored by the difference between diamagnetic loop and magnetic 
equilibrium measurements, exceeds 1 MJ. The fast particle parameters are 
displayed in Table II and compared with the expected αparticle numbers for 
a Q=\ experiment on JET and for an ignited ITER type plasma. 

Table II 
Fast or «Particle Parameters 

Parameter 

("/,„, «Λ 
(filtnlH) 

Vf vx 

ë/„s, (McV) 

Ih Ih 
Ρ Ρ 
'Ι 'los'. 

(Po a) 

Achieved 
1 

in JET 

13x10
2 

1 % 

12 

1 

1050 

0.8 

0.2 (3 MA) 

Expected Values 

JETÇ>=1 

IO"
3 

0.6% 

2 

2 

1 

0.17 

0.3 (5 MA) 

Ign 

7> 

0.07 

ted ITER 

:10
3 

2% 

2.8 

2 

1 

1 

(20 MA) 

In this table v, is the mean velocity of fast ions, vx the Alfven speed, ê the mean 
energy of fast ions, P, the power input from fast particles to the plasma, pL and 
pn the perpendicular and parallel fast particle pressures, pf) the fast particle gyro 
radius in the poloidal field at the plasma boundary. Fig. 12 shows the calculated 
'He distribution function at various radii in a particular discharge. AKo shown 
is the expected αparticle distribution function in a lOkcV plasma. Evidently 
the two distributions arc very similar. Note that more than 30% of the fast 
panicles inside the halfradius of the experiment are supcrAlfvcnic. The major 
difference is the high anisotropy of the fast 'He distribution compared with 
the isotropy expected for αparticles. The anisotropic case would be expected 
to be more unstable to collective modes so that the classical behaviour observed 
can be expected to cam over to the αparticle case. The confinement behaviour 
of these discharges heated bv fast particles is ifanvthing slightly better than the 
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Fig. 12 Energy distribution function of heated (minority) 3He ions at various plasma radii. 
For comparison the αparticle distribution function for a lOkeV plasma is shown. 

normal I^mode scaling. There is clear evidence that sawteeth crashes cause the 
fast particle population to be transferred to the zone outside the inversion radius. 
Averaging over sawteeth, this serves to flatten the power deposition profile. Of 
course, thermal instabilities arising from the density and temperature dependence 
of «particle production are not simulated in these experiments. However; modes 

10 

o 
X 

r ι 
o 
3 

CL 

0.3

0.1 

Q=0.05 Q=0.1 Q=0.2 Q=0.5 Q=1.0 

Δ Low η 
Η Hmode 
% Pellets 
0 Others 

6 8 
T,(keV) 

20 

Fig. 13 Experimental values of ñD T¡ τΕ versus T¡. Curves show the equivalent thermonuclear 
Q for a 50:50 deuterium plasma. They are calculated assuming Te=T¡ and radial profiles similar 

to the experimental ones (ratio central to average pressure of 3). 

A480 



of this type will not be seen in Q 1 deuteriumtritium experiments either, since 
there the αpower is only 17% of the total. 

8. Fusion Product and Q 
The experimental values of the fusion product {ñD tt τΕ) are plotted versus 
T i in Figure 13. Also shown are the contours of constant thermonuclear Q, Qth 

calculated on the basis of a DT mixture with the same hydrogen isotype densi

ty and with density and temperature profiles typical of JET experiments (pres

sure ratio p/<p>=3). It is assumed that Te=T¡ at all radii. Correcting for 
impurities by taking only the deuteron density overestimates Q,h because the 
energy content of the electrons associated with the impurities is not included 
in the losses. However for Zeff < 3, the maximum error is 30%. From the figure 
it is clear that conditions close to Qth =0.1 have been achieved. 

Fig. 14 shows the directly measured values of QDD versus mean density. Here 
the highest values which are at low density are due to beamplasma interactions. 
Scaling these to the planned deuterium beam energy (140keV), accounting for 
crosssection and yield changes, the equivalent QloI for a 50:50 DT plasma is 0.25. 
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Fig. 14 Measured QDD versus mean density. 
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Fig. 15 Global energy confinement time, τΕ , versus input power for the L-mode (curves are 
Goldston scaling for different currents) and Η-mode (curves are 2 χ Goldston scaling) cases. 

9. Confinement and Transport 
The global confinement times, defined as τΕ= W/(P-dW/dt), are shown in 
Fig. 15 as a function of input power for both the I^mode and Η-mode case. These 
results can be equally well represented by the Goldston power law[13]: 

7£(G) = 3.7xl(T2 IR115a031 Kv> Ρ~ν* 

or by an offset-linear law derived by Rebut and Lallia[14], 

TE (R-L) =3.7xl(T2 Mv* Tv> n'* Bv> Ln/* Zv* P~l +1.7xl(T2 Mv> IL* Z~v* 

where M is the atomic mass, L3 = Ra2K, K= elongation, η = density (1019m3), 
Ζ = Zeff, and other units are MA, T, m, MW, and s. Fig. 16 and 17 show the JET 
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Fig. 17 Comparison between the experimental values of global energy confinement time, r£ 
and the predictions of the RebutLallia (88) scaling law"4'. 

data plotted against these laws. Ηmodes are clearly improved with respect to 
Goldston by — 2 and to RebutLallia by slightly less. 

It seems unlikely that it will be possible to separate these two forms on JET. 
At high power the ratio of the two confinement times for Z = M=2 is: 

Tt(G) / 7 £ ( / ? ¿ ) = 2.2 (R/a)1 2 V ° n P~v> 
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Fig. 18 The singlefluid, thermal conductivity χ versus normalised radius for various types 
of discharge. 

For JET dimensions, TE(G) and TE(RL) are equal for P=45MW. Above 
45 MW, the offset linear law becomes more optimistic, below this power the com

bination of the offset and the incremental part is difficult to distinguish from 
the power law. 

Looking ahead to a reactor, note that degradation of the P~Vl type will have 
to be forced if it does not occur naturally. Only in this way can a reactor be ig

nited at low power and then moved to its final high power operating point[15]. 
Local transport analysis1161 of extensive JET data has shown in broad terms 

that the electron and ion thermal conductivities, xe and χ,·, are approximately 
equal while the particle diffusion coefficient D is typically (xe/5). Samples of 
local analysis are shown in Fig. 17 for different discharge types. The power flow 
q by conduction is computed taking into account heating profiles, convection 
and radiation. Then, treating the plasma as a single fluid, the thermal conduc

tivity χ is given by χ = q/η (d T/dr). The results in Fig. 18 are for discharges with 
1=3 MA and 3.2 < Z? < 3.5 T. Low values of χ are seen in the interior of ohmic, 
pelletinjected and Ηmode discharges. The power deposition profiles highlight 
the remarkable pellet case, where χ is very low in the core despite strong central 
power deposition. These results taken together are not simply correlated with 
variations of η,,, η, ( = dlnT/dln.n). Critical temperature gradient (or equiva

lents heatpinch) or critical pressure gradient models give a tolerable represen

tation of both steadystate and transient profiles of temperature for most cases. 
However for the heated pellet case, an ad hoc reduction of χ is required to fit 
the data[16]. 
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10. Future Prospects 
For central ion temperatures > lOkeV and moderate profiles (ypp/(p) ~ 3), 
the ratio, F, of αparticle power to the losses is given by: 

F=2xl0~22 ή ΤτΕ 

corresponding to an energy content H^MJ) in the plasma 

2.4 VF 
W = 

y Ρ TE 

where V is the plasma volume. For low values of F, TE = W/P where Ρ is the 
input power so that W= (2.4 VFP/yp)

Vl or in terms of thermonuclear Qlh, 
2AVQ(hPVh 

lyn(5 + Q,h)} yP(S + Q!h). 

For JET with a plasma volume of 140m3 and 7P = 3 

W=\0.6 Γ Q**
3
1 

L5 + Q,J 5 + Ö,*

This relation is shown in Fig. 19 for Qth =0.3,0.5 and 1.0. The righthand ordinate 
shows the mean density scale corresponding to T= 7 keV. If for a given plasma 
energy, the density is higher than the figure given, then the central temperature 

30 
4 MA Hmode: 
5MA Limiter: RF 

o NB+RF 

20 
Ρ (MW) 

40 

Fig. 19 Plasma energy content versus total power input. Curves are for constant thermonuclear 
Q assuming an average ion temperature greater than 7 keV. Density must be less than the critical 

value on the right hand ordinate for this to be the case. 
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range under these conditions is marked. 

will be too low, which invalidates the relation used between F and the fusion 
parameter. The present experimental data for ^versus Pis also shown on the 
figure. At first sight, the Ηmodes have the highest potential but the density 
is too high for optimum results. 

A further assessment including beamplasma reactions is shown in Fig. 20. 
Here, it is assumed that Zeff=(2 + 2/ñl9), which is an approximate representa

tion of Fig. 10. The beams are taken to be the 140 kV, 15 MW deuterium, planned 
for the DT phase. Assuming a realistic minimum average density of 5 x 1019m3 

at high current and high power shows a total Q ranging from 0.30.6, as TE varies 
from 0.40.8s (range of L and Ηmode predictions). The corresponding ex

power would be of the order 2MW. 
A number of technical improvements and additions to the apparatus are in 

hand which should enable higher performance to be reached. These are: 
(a) stiffening of the vacuum vessel to permit routine operation at the highest 

current level; 
(b) improved RF launching antennae with beryllium screens; this should 

increase reliability and facilitate coupling of RF power to Hmodes; 
(c) 10MW, 3.7GHz lower hybrid current drive system to control the current 

density profile; 
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(d) two pump-limiter modules to improve density control; 
(e) single, and subsequently, multiple high speed pellet injectors ( ~ 4-6km/s) 

to enable central fuelling of higher temperature plasmas; 
(0 the replacement of carbon tiles on belt limiters and antennae protection by 

beryllium together with beryllium evaporators. This should reduce the oxygen 
content and substitute a lower Ζ element for carbon; 

(g) water cooled X-point dump plates with carbon fibre material facing the 
plasma; 

(h) saddle coils are being prepared to go inside the vacuum vessel for feedback 
control of the precursor instabilities which lead to disruptions; 

(i) upgrading of neutral beam energy to 140 kV, deuterium and eventually one 
of the two beam boxes to 160kV, tritium; 

(j) tritium and remote-handling equipment is under intensive preparation for 
the deuterium tritium phase. 

11. Summary and Conclusions 
In summary, the main results achieved on JET have been: 
1. JET has operated with 7MA in limiter mode and 5 MA with a single 

X-point configuration; 
2. Central ion temperatures of 23 keV, central electron temperatures of 12keV, 

central electron densities of 1.8xl02Om~3 and confinement times of 1.2s 
have been obtained in different discharges. 

3. Both electron and ion temperatures have simultaneously exceeded lOkeV 
during several confinement times. Most encouraging is that no further 
confinement degradation is observed in these conditions directly relevant 
to reactor operations. 

4. Plasma temperatures exceeding 5 keV have been maintained for 20s during 
ICRH heating of 3 MA discharges. 

5. Plasmas with an equivalent thermonuclear Q of 0.1 and equivalent total 
Q (including non-thermal reactions) of 0.25 have been achieved. 

6. The high current capability combined with the full rated heating power has 
not yet been exploited. Technical difficulties with water cooled elements and 
with disruption forces are progressively being overcome. 

7. Some aspects of α-particle physics have now been simulated notably in RF 
heating experiments with a 3He minority in the plasma. The behaviour is 
as expected. 

8. Extrapolating from present results, taking into account the operating limits 
on density and impurities a total Q approaching 0.6 is predicted for D-T 
operation corresponding to an α-power of 2MW. 

9. Technical changes and additions to the apparatus now under preparation 
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will give greater control of density and current profiles, reduce the impurity 
content and perhaps reduce the severity of disruptions. These should lead 
to significant improvements over the baselevel performance predictions 
given above. 

In conclusion, extrapolation of JET confinement data using either Goldston 
or offsetlinear scaling suggests that energy confinement itself will not be a 
problem in reactorscaled devices such as PCSR[17] operating at the 20 MA level. 
Much more problematic are questions of fuelling, pumping and maintenance 
of a long burn plasma. JET is the machine with plasma parameters and geometry 
closest to those required. Therefore, it offers the possibility of developing the 
technical means and the experience in the delicate balance required between ener

gy and particle (including impurities) confinement. 
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The JET HMode at High Current 
and Power Levels 

The JET Team* 
(presented by M.Keilhacker.) 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 

Abstract 
Ηmode operation in JET singlenull Xpoint configuration has been extended to plasma 
currents of 5 MA, toroidal fields of 3.4 Τ and neutral beam powers of 20 MW (80 keV deu
terium injection). Characteristic of JET Ηmode discharges is the absence or very low 
level of ELM activity resulting in a continuous rise in plasma density and a concomitant 
increase in bulk plasma radiation which finally terminates the Ηphase (longest Hphase 
so far, 4 s). The global energy confinement time, τΕ, of these Ηmode discharges is a fac
tor of 23 larger than in comparable limiter discharges. The confinement increases roughly 
linearly with plasma current (provided q95 > 3) and to a lesser extent with toroidal mag
netic field but decreases with increasing neutral beam heating power (roughly <χΡ~ ° 7). 
Part of this degradation with power can be attributed to poor beam penetration at the 
higher densities concomitant with improved particle confinement and the higher power 
levels. Local transport analysis using timedependent codes indicates that in the Hmode 
the total heat transport coefficient, xeff, in the plasma interior (r/a < 0.8) is comparable 
to that deduced in the ohmic phase (xe//~ 1 m2s_1). The main contribution to the enhanced 
confinement characteristic of Ηmodes, however, comes from the plasma edge as 
manifested by the steep temperature and density gradients (pedestals) observed in this 
region. With 12 MW of neutral beam heating τΕ — 1 s and favourable values of the fusion 

. product nD T¡TE ~ 2.5 χ 1020m~3 keVs have been achieved. On the basis of these results and 
assuming proper density and impurity control can be achieved, fusion amplification factors 
close to unity are predicted for tritium operation in JET. 

1. Introduction 
As is wellknown, the Ηmode observed in plasmas bounded by a separatrix 
in closed11'2,1 or open[3'4·51 divertor geometry allows a factor of 23 better con

finement than in comparable limiter discharges. First Ηmode results in JET 
at plasma currents of up to 3 MA and with neutral beam injection (NBI) heat

ing up to 10 MW were presented in 1986[5]. Since then, using differential currents 
in the main equilibrium coils has allowed Ηmode operation in the single null 
Xpoint configuration to be extended to plasma currents of 5 MA, full toroidal 
fields of 3.4 Τ and neutral beam powers of 20 MW. With the global energy con

finement time, τΕ, increasing roughly linearly with current (provided the safety 
factor at the 95 % flux surface, q95 ^ 3)τΕ values in the range 0.81 s and stored 

'see Appendix I CR88.172 
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plasma energies of more than 10MJ have been achieved with 12MW of addi

tional heating. Ηmodes have also been obtained in the double null configuration 
with currents up to 3 MA (technical limit <4MA). 

The present discussion of JET Ηmode plasmas is restricted to NBI heating 
(80keV deuterium injection) of deuterium plasmas in a single null Xpoint con

figuration. Following a brief discussion of the operational limits for achieving 
Ηmodes (section2) the paper addresses the characteristic features of these 
plasmas (section3). Section4 is devoted to their energy confinement while 
section 5 addresses particle control and future prospects for Ηmode operation. 
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Fig. 1 Poloidal flux contours for a 5 MA single null Xpoint discharge. 

2. Operational Limits for Hmode 
Fig. 1 shows poloidal flux contours for a 5 MA single null Xpoint discharge 
together with a schematic view of the vacuum vessel, the upper and lower toroi

dal belt limiters and the target plates at the top and bottom of the vessel. To 
achieve an Ηmode, minimum separations of the separatrix from the inner wall, 
0¡W, and from the lower belt limiter, ÒBL, are required. The precise clearances 
required depend on vessel conditioning, plasma parameters and, in particular, 
on the heating power used. Typical values are 

bBL > 0.05 m 6,w > 0.050.08 m. 

The separation of the Xpoint position from the target plates was, for most experi

ments, in the range of a few centimetres, but it can be reduced practically to zero. 
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The most stringent requirement for achieving an Ηmode is a certain level 
of heating power. In JET, this threshold power, Pthr, increases with toroidal mag

netic field, BT, as shown in Fig. 2 for 3 MA single null Xpoint discharges. Typical 
values with NBI are 

Pf/ir = 812MW 
forBT=2.02.4T 
forBT=3.03.4T. 

A low density limit is set for Ηmodes by the appearance of locked modes. 
The edge plasma density at the start of NBI has to be > 1.2 x 10 m (see also 
discussion in section 3.3). 
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Fig. 2 Hmode threshold power as a function of toroidal magnetic field 
is determined by distinguishing Hmode (*) and Lmode (Δ) discharges 

at 3 MA, single null Xpoint. 

3. Ηmode Characteristics 

3.1 Time evolution of Ηmode discharges 
The characteristic time evolution of various plasma parameters for JET Hmode 
discharges is shown in Fig. 3 for a 3 MA discharge ( # 15894). Characteristic of 
most JET Ηmodes is the absence or very low level of ELM activity through

out the whole Hmode phase. This results in a continuous rise in plasma density 
and a concomitant increase in bulk plasma radiation which finally terminates 
the Hmode (longest Hphase — 4 s) when the bulk radiation reaches about 60% 
of the input power. The increase in the total energy content of the plasma, W, 
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during the Ηphase results largely from the plasma density increase, while the 
central electron temperature, Teo, is roughly constant or even decreasing slightly 
with time. 

15 16 
Time (s) 

Fig. 3 Time evolution of electron temperature on axis 7^,,volumeaveraged electron density 
<ne), total plasma energy Wdia, total reaction rate RDD, neutral beam power PNB, Da inten
sity /(£>„), bulk radiation P^D (t»ulk)and Xpoint radiation P^D (χ"Ρθ f o r a 3 MA Hmode 

discharge (flr= 3.IT). 

The level of ELM activity depends on the separation of the plasma bound

ary (separatrix) from the lower limiter and the inner wall. Provoking ELMs can 
be used to control the rise in plasma density (as is seen for time r=15.35 s in 
Fig. 3) which can be kept approximately constant throughout the NBI pulse. 
This occurs, however, at the expense of simultaneously reducing the energy con

finement time (see discussion in sections). 

3.2 Evolution of plasma profiles 
Typical radial profiles of ne, Te, 7], Zeff, P^D and j during the Ηmode phase 
are shown in Fig. 4 for discharge # 15894. Fig. 4a shows radial profiles of elec

tron density ne{r) and temperature Te(r) at t= 16.0s (1.25s into the Hphase), 
as measured by the LIDARThomson scattering system161. The most characteristic 
feature of these profiles are the very steep temperature and density gradients 
at the plasma edge (giving rise to socalled pedestals) which form at the L*H 
transition. Flat or even slightly hollow density profiles are a common feature 
of both JET limiter (particularly at low values of q^,) and Xpoint discharges171 
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employing NBI heating. In the case of an Ηmode the density increases con
tinuously, the profile shape changing little. The electron temperature profile is 
also broad and changes little with time. Fig. 4a also displays the central ion tem
perature profile as determined from chargeexchange spectroscopy181 on the CVI 
(8>7) line. Within the accuracy of the measurements the two temperatures are 
equal. 
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Fig. 4 Radial profiles of (a) electron density, ne, electron temperature, Te, and ion tempera

ture, T¡; (b) Zeff; (c) bulk plasma radiation, P^D (bulk), and (d) current density during 
the Ηphase of the discharge shown in Fig. 3. The dashed lines in Fig. 4a indicate the radius 
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Fig. 4b displays radial profiles of Zefjdetermined from chord measurements 
of the visible bremsstrahlung emission at 523.5 nm using a 15telescope array191 

together with ne(r) and Te(r) profiles from the LIDAR diagnostic. During the 
limiter phase that precedes the Xpoint phase (not shown in Fig. 4b) the profile 
ZeJJ{f) is peaked on axis, with an average value ZeJfof ~ 2.5. Following the for

mation of the Xpoint, Ze/j(r) becomes hollow on axis (profile at / = 14.0 s) 
without much change in Zejf. The second profile pertains to the Ηphase at 
i= 16.0s. Zefj(f) remains hollow, but Zeff has increased to ~3.3, due to the 
improvement in impurity and particle confinement. 

The evolution of the radiated power profile is shown in Fig. 4c for / = 15.0, 
16.0 and 17.0s. Again the profiles are hollow throughout the Ηphase but tend 
to fill in somewhat with time. Most of this radiation is emitted by light impuri

ties, the major contribution coming from oxygen. The observed profiles of 
radiated power and ZeJyindicate hollow profiles of the light impurity densities1101. 
This is substantiated by chargeexchange spectroscopy measurements. Typical 
concentrations on axis are 13% of the electron density for O and for C and 
10~5104 for Ni. The deuterium density is typically ~Q.6ne due to dilution 
by (light) impurities. 

Fig.4d shows the evolution of the current profile determined from the mul

tichannel FIR Polarimeter"l]. During the Ηphase the current density at the 
plasma periphery rises markedly. This is expected since (a) the resistivity is 
reduced in the edge region due to the increased edge electron temperature and 
(b) a large bootstrap current'121 develops due to the increased edge pressure gra

dient. A concomitant decrease of the central current density is also observed, 
although experimental uncertainties preclude any definitive conclusion being 
drawn. 

To determine the bootstrap current, a magnetic field diffusion analysis has 
been completed using the TRANSP code'131. It is found that the bootstrap cur

rent contributes 0.8 MA to the total current of 3 MA and most of the change 
in the current profile (see Fig. 4d) comes from the development of the bootstrap 
current rather than changes in the plasma resistivity. The existence of the boot

strap current in 'supershots'"41 and Hmodes[15] has important consequences 
for future high temperature tokamaks. The most beneficial effect is that it reduces 
the voltsecond consumption required to maintain a given current. The broad 
profile of the bootstrap current may also stabilise the m/n = 1/1 sawtooth oscil

lation. 
3.3 Edge plasma 
The plasma edge parameters play a decisive role in the transition to an Hmode 
and in the resulting improved confinement properties of the plasma. The simul

taneous measurement of ne and Γ,,profiles at the plasma edge using the LIDAR 
diagnostic allows a critical assessment. Fig. 5 shows a plot of Tedge versus nedge 
for 3 MA single null Xpoint discharges (BT=2.2T). Tedge and nedge are the tem
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peratures and densities taken at the surface determined by equilibrium analysis 
to enclose 95 % of the total magnetic flux enclosed by the separatrix. The meas

urements are at various times during OH, L and Ηphases determined by the 
timing and frequency of the laser pulse (0.5 Hz). The domain of edge parameters 
for an Ηmode displays a welldefined lower density limit of  2 x 1 0 19m"3 

(increasing to  3 x 1 0 m at BT=3.03.5T) and a minimum edge tempera

ture of ~0.5keV. 
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Fig. 5 Edge temperature Tedge (x=0.95) versus edge density nedge (x=0.95) for OH (O), L

(Δ) and Hmode (*) discharges (/= 3 MA, BT=2.2T). 

These boundaries may be interpreted in terms of the collisionality of the edge 
plasma and the requirement to limit edge cooling by ionisation of neutral par

ticles reentering the plasma from the wall (see also discussion in section 3.5). 
The former condition, namely that the ion neoclassical collisionality parameter 
v* < 1, is plotted in Fig. 5, and shows that Ηmodes correspond to low colli

sionality in the plasma edge. The latter condition requires that the ionisation 
meanfree path of incoming neutrals, \£l, be small compared to the thickness 
of the edge layer, ÒB. The boundary λ,^ = δΒ is also plotted in Fig. 5, where 
δΒ is taken as the width of an ion banana orbit and λ,^ is evaluated for 5eV 
deuterium atoms. 

3.4 Stability of edge plasma to ballooning modes 
The reconstructed Ηphase equilibrium for pulse # 15894 has been examined 
for its stability to ideal MHD ballooning modes. The ideal ballooning equa
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tion has been solved (to leading order in a large aspect ratio expansion) treating 
the pressure gradient parameter a as an eigenvalue to give the marginally stable 
value of α on each flux surface. Across the bulk of the plasma the results show 
two marginally stable a values, corresponding to the usual first and second 
regions of stability, separated by an unstable zone. Previous studies using model 
equilibria'161 have shown that close to a separatrix there exists a critical value 
of the surface averaged current density Λ above which the first and second regions 
coalesce. A similar result is found for this JET equilibrium, and furthermore 
the critical Λ in this case is consistent with the experimental Λ close to the 
separatrix. A preliminary comparison of experimental values of α (determined 
from the LIDAR diagnostic) with the stability results suggests that across the 
bulk of the plasma the pressure gradients lie in the first stable region and are 
about a factor 2 below the first stability boundary. Near to the separatrix, the 
experimental a rises sharply (electron pressure gradient ~ 150kPa/m) to values 
near the first stability boundary. These preliminary results suggest that the pres

sure gradients are lower than would be required by the bifurcation model of 
Bishop[l7]. Nevertheless they indicate that the edge pressure gradients in the 
Ηmode are sufficiently steep that ideal ballooning stability becomes relevant. 
Furthermore the current density parameter Λ is found to be consistent with the 
critical value needed for coalescence. 

3.5 Divertor plasma 
The plasma in the vicinity of the Xpoint target plates (divertor plasma) has 
been investigated with an array of eight Langmuir probes mounted in the tar

get plates (see inset in Fig. 6), with a reciprocating Langmuir probe (at R = 3.25 m), 
and with a 2dimensional view of the radiation from the divertor region. 

Fig. 6 shows profiles of density, temperature and ion saturation current in front 
of the target plates for a 4.6 MA discharge (OH and Ηphase with PNBI = 14 MW). 
Although a singlenull discharge, the inner divertor plasma is colder and denser 
than the outer. More power is carried to the outer divertor, suggesting that the 
main source of power flow into the scrapeoff layer is in the vicinity of the outer 
midplane, ie, closer to the outer divertor target. The unequal temperatures lead 
to thermoelectric currents in the scrapeoff layer'181. Current densities 
2105 Am2 have been measured during the Ηphase (see Fig. 6) corresponding 
to more than 10% of the mean current density in the discharge. The scrapeoff 
layer current flows from outer to inner divertor and returns through the target 
plates, thus flowing in the same direction as the plasma current. 

The power estimated to be carried by plasma to the target plates increases 
from 0.8 MW in the ohmic phase to 1.9 M W at the end of the Ηphase. For most 
of the discharge, i.e. L and Ηphases, this is about 15% of (P,ota¡  d Wdia/át) 
but about 25% during the ohmic phase. 

Profiles with the reciprocating probe in the scrapeoff layer agree reasonably 
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Fig. 6 Profiles of density, temperature and ion saturation current in front of the target plates, 
measured with Langmuir probes mounted in these plates. 

well with those at the divertor target. Preliminary results for two or three pulses 
show that the radial electric field, just inside the separatrix, ET =  (d Vplasma)/ar 
is negative in the ohmic phase and about + 5 kVm"1 with Ηmode. This result, 
if substantiated, would agree with the prediction of Itoh and Itoh[19]. 

The collisionality of the divertor plasma may have a bearing on whether an 
Ηmode can be achieved. Two aspects of collisionality are considered: Coulomb 
collisions with electrons, and ionisation of neutral particles in the divertor plasma. 

For Coulomb collisions, the Coulomb mean free path, \ee, is compared with 
the distance Ln in the divertor measured along a field line from the target to 
the Xpoint. With the Xpoint typically 0.10m from the target and a pitch angle 
of the field lines of ~1°, Ln~6m. Fig.7 shows probe measurements of Te 
plotted against ne on a logarithmic scale. The straight line represents \ee = 6 m: 
plasmas with parameters above (below) this line are collisionless (collisional). 
Thé parameters for the probes PI to P8 are shown for OH and H phases. The 
inner scrapeoff layer is cold enough to be highly collisional. The outer scrape

off layer is collisional during the ohmic phase and marginally collisional dur

ing the H phase. Discharges at lower currents tend to be slightly less collisional 
and viceversa. 
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Fig. 7 Collisionality of the plasma in the vicinity of the Xpoint target plates. 

The ionisation of neutrals in the divertor plasma fan is assessed by compar

ing the ionisation mean free path of neutrals, λ,^, with the dimensions of the 
divertor plasma which is typically O.l m. Fig. 7 shows a curve corresponding 
to \\ol for 5eV deuterium atoms, typical of dissociation energies. During the 
Ηphase the majority of 5eV atoms would be ionised in the divertor plasma 
but some of those from further out in the divertor scrapeoff layer might escape. 
Thus during the Ηphase the plasma is highly recycling in the divertor, espe

cially near the separatrix. 
These results suggest that flows in the scrapeoff layer have a low Mach number, 

or are nearly stagnant, near the separatrix but are stronger and towards the diver

tor further away from the separatrix. As discussed in ref. [20,21 ] flow reversal 
occurs near the separatrix and plasma also leaves the divertor. This outflow from 
the divertor, which is stronger during the Ηphase, might correspond to an influx 
of deuterium into the bulk plasma. This would lead to a density increase, as 
observed in JET and other tokamaks during the Ηphase. Additional impurity 
flow from the divertor could ensue. 

4. Energy Confinement 
4.1. Scaling of global energy confinement 
The dependence of global energy confinement on plasma current and heating 
power is discussed for ELMfree Ηmodes in single null Xpoint configurations. 
Fig. 8 shows the plasma energy W from diamagnetic measurements (Fig. 8a) and 
global energy confinement time TE = W/(Plot  d W/át) (Fig. 8b) as a function 
of the total net input power (Plol  d W/dt) for plasma currents of 2, 3, 4 and 
5 MA. The limited amount of data at the highest current of 5 MA were obtained 
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during the last week of operation and the discharges were probably not fully 
optimised. In all experiments the power range in which ELMfree Ηmodes could 
be obtained was limited to Ptot = (PNB + POH)< 14MW (see section 5). 

The data shown in Fig. 8 exhibit two main trends: a roughly linear increase 
of W ând TE with plasma current and a degradation of confinement with heat

ing power. Part of this degradation with power can be attributed to increased 
impurity radiation and poor beam penetration at the higher densities concomi

tant with higher neutral beam powers. The data at 3 MA and 4MA which span 
a sufficiently wide range in toroidal field BTto allow separation according to 
lower (2.1T<BT<2.7) and higher (2.7T<5T<3.4T) values indicate that the 
energy confinement is higher at higher BT. A comparison of L and Hmode 
confinement as described, for example, by Goldston scaling'221, shows an 
improvement in rE by at least a factor of 2, and even greater at higher BT. 

Fig. 9 is a plot of the confinement quality factor TE/I versus q95 for various 
toroidal fields (for heating powers in the range 8 MW < (Plot  d W/át) < 10 MW). 
The decrease in confinement for q95 > 3 is probably caused by a reduction in 
the confinement volume as the sawtooth inversion radius moves outwards. 
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Fig. 9 Confinement quality factor r£ //versus safety factor at the 95% flux surface 
(8MW< (P,0,dW d0<10MW). 
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To obtain more detailed scaling information a regression analysis of these 
data has been performed (taking one observation per shot, at times close to when 
Wis maximal and 0 :£ W/P< 0.3; 102 shots in total). The analysis gives the fol

lowing confinement scaling for JET ELMfree Ηmode plasmas: 

TE(s) =(.63 ±.015)7' . 7 6 ± . 0 8 n .48±.08 
<ne> . 1 8 ± . 0 9 j .69±.05 

where </ie> is the volumeaveraged electron density and P=(Ptot — dW/dt). It 
should be pointed out, however, that at constant gcyl  BT/I the confinement 
time scales with current as τΕ~Ι12±0Λ. The constant is fitted at 7=3MA, 
Β=2.5Ύ, </ze>=4x 1019m~3 and P= 10MW. It was assumed in this analysis that 
the variables Wdia, I, B, </ie> and Ρ have been measured with constant rela

tive (random) errors of 10%, 1%, 1%, 5% and 5% respectively. Fig. 10 shows 
the observed versus fitted energy confinement times. In deriving such scaling 
laws it has to be kept in mind, of course, that the plasma confinement depends 
also on hidden parameters, such as vessel conditioning, which are difficult to 
assess. 
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Fig: 10 Experimental versus fitted energy confinement times from an ordinary least squares fit. 

As indicated in Fig. 8a, the data can also be described by an offset linear scaling 
law of the form 

W=W0 + PTinc 
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where Tinc represents the confinement time of the plasma at high heating powers. 
The present data set of Ηmode discharges would suggest that rinc increases 
roughly linearly with current at a rate of ~0.14s/MA. 

The steep temperature and density gradients at the plasma edge (pedestals) 
characteristic of Ηphase suggest the separation of the edge and central con

finement properties. To this end the kinetic energy of the plasma has been split 
into the contributions from the edge pedestal 

Wp = i(ţ\e kTe dV+ne,pkTe,pVp} 

and from the plasma core Wc = W Wp, where Vp is the plasma volume inside 
a certain radius rp, chosen to be 0.95 a. 

Fig. 11 shows the result of this analysis for 3 MA Ηmode discharges.Wwhen 
plotted against (Ptot d W/át), Wc= W Wp, like W, is of offset linear form, 
indicating degradation with input power. The pedestal energy Wp(0.95), 
however, shows no offset indicating little or no degradation with heating power. 
Thus, Ηmode confinement (at least up to 12 MW heating powers) may be con

sidered in terms of a power independent contribution from the plasma edge and 
a power dependent contribution (degraded, I^mode like confinement) from the 
plasma core. 
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Fig. 11 Plasma energy in pedestal, Wp, and plasma core, Wc = W Wp, respectively, versus total 
net input power for 3 MA Ηmode discharges (Br< 2.7 T). 
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4.2. Local transport analysis 
The time dependent energy balance code, TRANSP1131 has been used to deter

mine the total heat flux through surfaces in the interior of the plasma during 
the OH, L and Ηphases of a number of JET pulses. The input comprises the 
magnetic flux surface geometry, temporal variation of the electron density profile 
(Abel inverted FIR Interferometer data, checked against LIDAR data when avail

able), electron temperature profile (ECE, checked against LIDAR data when 
available), radiated power profile (Abel inverted bolometer data), the plasma 
current, loop voltage, Zeff (visible bremsstrahlung, checked against neutron yield 
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Fig. 12 TRANSP results for (a) the temporal variation of the effective, power balance heat 
diffusivity, Xgff (b) the spatial profiles of xeJ¡/and the spatial profiles of the electron heat diffu

sivity, χβ (assumed equal to χ,) for JET pulse #15894. 
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estimates of the deuterium to electron density ratio) and edge particle confine

ment time (Da monitors). Neutral beam heating and neutron yields are calculated 
by Monte Carlo methods. 

The ion temperature profile is calculated, for example, by assuming an ion 
thermal diffusivity proportional to the electron thermal diffusivity. With χ, = \e 

(i.e. strongly anomalous ion transport) good agreement is obtained with the 
diamagnetic measurement of the total stored energy, with the total neutron yield 
and, when available, with measured ion temperature profiles from Charge 
Exchange Spectroscopy. Since the electron and ion temperatures are well cou

pled to within the experimental uncertainties it is not possible to determine x/xe 

better than to within a factor 2. Accordingly, the transport losses are first 
represented in terms of the effective, power balance, xe/f= Q/ne

 v kTeS, defined 
as the ratio of total heat flux (including the effects of energy equipartition and 
convection) across a surface of area, S, to neV kTe S. 

Typical results are illustrated by the analysis of JET Pulse # 15894. The tem

poral variation of x ^ a t radial positions ρ = 0.5 and 0.75 is shown in Fig. 12a. 
As the neutral beam heating phase begins, xeff increases above its ohmic value, 
and then decreases continuously to a level close to its ohmic value at the transi

tion to the Ηphase. xeff is maintained close to this level during the Hphase 
(see also discussion in Ref[23]). 

The spatial profiles of xeff at selected times throughout the discharge are shown 
in Fig. 12b. Again it is seen that xeff is similar in the transport dominated region 
(0.3<p<0.8) in both OH and Ηphases. In the outer region xeff is larger in 
the Ηphase, but part of this increase can be attributed to the large losses related 
to particle recycling and convection. While there is a large uncertainty on these 
losses, they have been separated outto give xe (or χ, for this model) which is 
found to decrease in the edge (Fig. 12c) where the shear is high. 

The values of x^can be compared with χ determined from heat pulse propa

gation studies. The ECE polychromator system has been used to monitor at 
various radial positions the delay in the arrival of the peak and the amplitude 
of the perturbation following the collapse of the sawteeth. This gives values for 
XHPP~3± 0 . 6 m V in all phases of Xpoint operation. 

5. Particle Control and Future prospects for ΗMode Operation 
As a result of the good energy confinement properties of the ELMfree Hmode 
discharges, favorable values of the fusion product (nDo Tio TE) of up to 
2.5 x 102OirT3keVs (Fig. 13) have been achieved. However, the particle confine

ment improves similarly (impurity injection experiments indicate that impurity 
confinement times improve by at least a factor three) making density control 
difficult. Beam penetration is also affected, radiation losses increase and finally 
terminate the Ηphase. At the highest NBI power available (1420 MW) strong 
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radiation occurs from a welldefined region near the Xpoint, and a thermal 
collapse, reminiscent of a plasma approaching the density limit, results and leads 
to only very ELMyHmodes with inferior confinement. 

The effect of high density and Z^on the projected values of the fusion amplifi

cation factor, QDT, for JET Ηmodes with 15 MW of 140kV deuterium NBI 
can be seen in Fig. 14. It is clear that for τΕ in the range 0.6 Is and volume

averaged electron densities, (ne)  5 x 1019m~3 the projected performance is sig

nificantly below the optimum which would occur at lower density and 
correspondingly higher temperature. It is clearly beneficial to increase τΕ 
(provided the density does not increase faster) but it is essential to control the 
plasma density and to improve plasma purity and central heating. 

So far, the plasma density has been controlled only by the provocation of suffi

cient ELMactivity by reducing the separation between the plasma and the inner 
wall and/or the outer belt limiter. As shown in Fig. 15 this allows the density, 
(ne >, total plasma radiation, Prad, and concentration of metal impurities in the 
plasma centre (as exemplified by the intensity of a Nixxvi line) to be kept approx

imately constant for 1 or 2 seconds, but at the expense of a considerable reduction 
in the energy confinement time, τΕ. 
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Fig. 15 Time evolution of Da intensity /(DJ, energy confinement time τΕ, neutral beam power 
PNB, total plasma radiation P^o , volumeaveraged plasma density </!,> and intensity of Nixxvi 
line for a 3 MA Ηmode discharge with ELMs which keep the density (and radiation) approx

imately constant (until an ELMfree Ηmode develops at t= 14.7s). 

Attempts to improve central heating by using ICRH have, so far, been unsuc

cessful. In the double null configuration up to 8MW ICRH (hydrogen minority 
heating at 33.5 MHz, monopole phasing of the antennae) has been coupled to 
the plasma both alone and in combination with a similar level of NBL A strong 
increase in radiation resulting from enhanced impurity influxes (mainly nickel, 
possibly also oxygen) has allowed only short, or very ELMy, Ηmodes with con
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finement times close to those typical of Lmode plasmas. To overcome these 
difficulties it is planned to replace the present nickel antenna screens by beryl
lium screens in the summer of 1989. The introduction of beryllium as a limiter 
material will also reduce radiation and, possibly, Zeff. 

In the first half of 1989 one NBI box will be upgraded to 140kV/D (the second 
NBI box will subsequently be upgraded to 140kV/D or 160kV/T). This will give 
better penetration and will inject fewer particles. 

To maximise the prospects for JET, however, it may remain necessary to exercise 
active particle control. First, sweeping the Xpoint position to help reduce the 
particle and impurity influxes will be examined. Ultimately, however, it may be 
necessary to consider pumping in the vicinity of the Xpoint where the particle 
flows are most concentrated. 

References 
[ 1 ] Wagner, F., et al., 'Regime of improved confinement and high beta in neutralbeam

heated divertor discharges of the ASDEXtokamak', Phys. Rev. Lett., 49(1982) 1408. 

[2] Kaye, S.M., et al., 'Attainment of high confinement in neutral beam heated divertor 
discharges in the PDX tokamak', J. Nucl. Mat., 121 (1984) 115. 

[3] Luxon, J., et al., 'Initial results from the DIIID tokamak'. Plasma Phys. andContr. 
Nucí. Fus. Res. 1 (1987) 159. 

[4] Odajima, K., et al., 'Confinement studies of additionally heated plasma in theJFT2M 
tokamak', Plasma Phys. and Contr. Nucl. Fus. Res. (Proc. 11th Int. Conf., Kyoto, 
1986), 1(1987) 151. 

[ 5 ] Tanga, A., et al., 'Experimental studies in JET with magnetic separatrix', Plasma Phys. 
and Contr. Nucl. Fus. Res. (Proc. 11th Int. Conf., Kyoto, 1986), 1 (1987) 65. 

[6] Salzmann, H.M., et al., (Invited paper at the APS Topical Conference on Plasma 
Diagnostics, Napa Valley, Calif, USA), (1988). 

[7] Smeulders, P., et al., 'Hollow profiles and highß effects during Hmode in JET', JET 
Internal Report JETIR(88)11, JET Joint Undertaking, (1988). 

[8] Boileau, Α., et al., 'The deduction oflowZion temperature and densities in the JET 
tokamak using charge exchange recombination spectroscopy', JET Preprint JET
P(87)44, JET Joint Undertaking, (1987). To be published in Plasma Phys. 

[9] Morgan, P.D., 'The evolution ofZef/r) profiles in JETplasmas', (Proc. 15thEurop. 
Conf. on Contr. Fus. and Plasma Heating, Dubrovnik), 12B (I) (1988) 139. 

[ 10] Behringer, K., et al., 'Impurity transport in JET during Ηmode, monster sawteeth, 
and afterpellet injection', (Proc. 15thEurop. Conf. on Contr. Fus. and Plasma Heat
ing, Dubrovnik), 12B (I) (1988) 338. 

A508 



[11] O'Rourke, J., et al., ' Polarimetrie measurements of the q-profile', (Proc. 15th Europ. 
Conf. on Contr. Fus. and Plasma Heating, Dubrovnik), 12B (I) (1988) 155. 

[ 12] Bickerton, R.J., Connor, J.W.,Taylor, J.B., 'Diffusion driven plasma currents and 
bootstrap tokamak', Nat. Phys. S c , 229 (1971) 110. 

[ 13] Goldston, R.J., et al., 'New techniques for calculating heat and particle source rates 
due to neutral beam injection in axisymmelric tokamaks ', J. Comput. Phys., 43 ( 1981 ) 
61. 

[ 14] Zarnstorff, M.C., et al., 'Non-ohmic currents in TFTR'. Phys. Rev. Lett., 60(1988) 
1306. 

[ 15 ] Challis, C , et al., 'Non inductively driven currents in JET', JET Preprint JET-P(88)38, 
JET Joint Undertaking, (1988). To be published in Nucl. Fus. 

[ 16] Bishop, C M . , 'Stability of localised MHD modes in divertor tokamaks: a picture of 
theH-mode'. Nucl. Fus., 26 (1986) 1063. 

[17] Bishop,CM., 'Bifurcated temperature profiles and the H-mode ', Nucl. Fus., 27 ( 1986) 
1765. 

[18] Harbour, P. J., Workshop on Plasma Edge Theory in Fusion Devices, Augustusburg, 
GDR, 2 6 - 3 0 April 1988. To be published in 'Contributions to Plasma Physics', 
(Akademie-Verlag, Berlin, GDR). 

[ 19] Itoh, S.I. and Itoh, K., 'Modelof H/L transition in tokamak', Phys. Rev. Lett., 60 
(1988)2276. 

[20] Harbour, P.J., et al., (8th Int. Conf. on Plasma Surface Interactions in Contr. Fus. 
Devices, 2 - 6 May 1988, Jülich, FRG). To be published in J. Nucl. Mat. 

[21] de Kock, L., et al., 'The plasma boundary in JET', Paper IAEA-CN-50/A-VII-12/2. 
This conference. 

[22] Goldston, R.J., 'Energy confinement scaling in tokamaks: some implications of recent 
experiments with ohmic andstrong auxiliary heating', Plasma Phys. and Contr. Fus., 
26(1984)87. 

[23] Keilhacker, M., et al., 'Studies of energy transport in JETΗ-modes', (Proc. 15thEurop. 
Conf. Fus. and Plasma Heating, Dubrovnik), 12B (I) (1988) 231. 

A 5 09 



APPENDIX I 
THE JET TEAM 

JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, UK 

J. M. Adams', H. Altmann, G. Appruzzese, W. Bailey, P. Ballantyne, B. Bakt, D. V. Bartlett, L. R. Baylor23 

K.Behringer13, A.C.Bell, P.Bertoldi, E.Bertolini, L.G.Betello, V.Bhatnagar, R.J.Bickerton 
A. J. Bickley, J. Bizarro21, S. Bliman16, T. Bonicelli, S. J. Booth, G. Bosia, M. Botman, D. Boyd30, H.Breien 
H.Brinkschulte, M.Brusati, T.Budd, M.Bures, T.Businaro4, P.Butcher, H.Buttgereit, C.Caldwell 
Nichols, D.J.Campbell, P.Card, J.Carwardine, G.Celentano, P.Chabert16, C.D.Challis, A.Cheetham 
J.Christiansen, C.Christodoulopoulos, P.Chuilon, R.Claesen, S.Clement29, J.P.Coad, P.Colestock6 

S.Conroy12, M.Cooke, S.Cooper, J.G.Cordey, W.Core, G.Corrigan, S.Corti, A.E.Costley 
G.Cottrell, M.Cox7, P.Cripwell12, D.Cross, H.deBlank15, H.deEsch, J.deHaas15, L.deKock 
E.Deksnis, G. B.Denne, G. Deschamps, G.Devillers, K. J.Dietz, J.Dobbing, A.Dombra, N.Dolgetta 
S.E.Dorling, P.G.Doyle, D.F.Düchs, H.Duquenoy, A.Edwards, J. Ehrenberg13, T.Elevant" 
W.Engelhardt, S.K.Erents7, L.G.Eriksson5, M.Evrard2, H.Fajemirokun'2, H.Falter, J.Farthing 
D.Flory, M.Forrest7, C.Froger, K.Fullärd, M.Gadeberg, A.Galetsas, M.Galley, R.Galvão8, M.Garribba 
R.Giannella, A.Gibson, R.D.Gill, A.Gondhalekar, G.Gorini, C.Gormezano, N. A.Gottardi, C.Gowers 
B.J.Green, F.S.Griph, W.K.Guo26, R.Haange, G.Hammett6, W.Han9, H.E.HanGonge26 

C.J.Hancock, P. J. Harbour, N.C.Hawkes7, P.Haynes7, J.Heikkinen3, T. Hellsten, J. L. Hemmerich 
R.Hemsworth, F.B.Herzog, R.F.Herzog, J.Hoekzema, R.Hope, W.A.Houlberg23, J.How 
M.Huart, T.P.Hughes31, M.Hugon, M.Huguet, M.Irving, J.Jacquinot, O.N.Jarvis, F.Jensen 
T.C. Jernigan23, E. Joffrin,E.M. Jones, L.P.D.F. Jones, T.T.C. Jones, J.Källne, O.Kardaun'\ A.Kaye 
B.E.Keen, M.Keilhacker, G.J.Kelly, A.Khare14, S.Knowlton, A.Konstantellos, M.Kovanen20 

P.Kupschus, P.Lallia, R.Lanza, R.Lässer, J.R.Last, L. LauroTaroni, K.Lawson7, E.Lazzaro 
M.Lennholm, B.Liley25, X.Lîtaudon, P. Lomas, M. LorentzGottardi2, C.Lowry, G.Maddison7 

G.Magyar, M.Malacarne, W. Mandi13, V. Marchese, J.Mart, P.Massmann, G.McCracken7, J. Mendonça 
P.Meriguet, P.Micozzi4, S.F.Mills, P.Millward, S. L.Milora23, A.Moissonnier, F.Mompean 
P.L.Mondino, P.Morgan, G.Murphy, G.Newbert, M.Newman, P.Nielsen, P.Noll, W.Obert 
D.O'Brien, J.O'Rourke, M.G.PaccoDiichs, M.Pain, S.Papastergiou, D.Pasini'9, A.Peacock 
N.Peacock7, D.Pearson'2, F.Pegoraro, F.Petree, M.Pick, S.Pitcher7, J.Plancoulaine, JP.Poffé, F. Por 
celli, R. Prentice, T. Raimondi, C. Raymond, PΗ. Rebut, J. Removille, F. Rimini, D. Robinson7, A. Rolfe 
R.Romain, R.T.Ross, L.Rossi, R.Rushton, P. Rutter, H.C.Sack, G.Sadler, G.Saibene, N.Salmon12 

H.Salzmann13, A.Santagiustina, R.Sartori, D.Schissel24, P.H.Schild, M.Schmid, G.Schmidt6 

R.L.Shaw, K.Schimizu17, A.Sibley, R.Simonini, J.Sips15, P.Smeulders, J.Snipes, S.Sommers 
L.Sonnerup, Κ.Sonnenberg, G.Sonnozaro, W.Stacey28, M.Stamp, P.Stangeby18, D.F.Start, CA.Steed 
D.Stork, Ρ.E.Stött, T.E.Stringer, D.Stubberfield, D.Summers, H.Summers", J.Tagle29, H.Tamnen 
A.Tanga, A.Taroni, C.Tebaldi22, A.Tesini, P.R.Thomas, E.Thompson, K.Thomsen, J.M.Todd 
P.Trevalion, B.Tubbing, F.Tibone, E.Usselmann, A. Vannucci, H. van der Beken, M. von Hellermann 
T.Wade, C.Walker, M.Walravens, K.Walter, Z.Wang27,. D.Ward, M.L.Watkins, H.Weisen'0 

J.Wesson, D.H. Wheeler, J.Wilks, U.Willen", D.Wilson, T.Winkel, S.Wolfe, D. Wong, C. Woodward 
M.Wykes, I.D.Young, L.Zannelli, D.Zasche13 

PERMANENT ADDRESS 
1. UKAEA, Harwell, Didcot, Oxon. UK. 16. Commissiariat à L'Énergie Atomique, F92260 
2. EUREB Association, LPPERM/KMS, B1040 Brussels, FontenayauxRoses, France. 

Belgium. 17. JAERI, Tokai Research Establishment, TokaiMura, 
3. Technical Research Centre of Finland, Helsinki, Finland. NakaGun, Japan. 
4. ENEACENTRO Di Frascati, 100044 Frascati, Roma, Italy. 18. Institute for Aerospace Studies, University of Toronto, 
5. Chalmers University of Technology, Goteborg, Sweden. Downsviev*, Ontario, Canada. 
6. Princeton Plasma Physics Laboratory, New Jersey, USA. 19. University of Sirathclyde, 107 Rottenrow, Glasgow, G4 ONG, 
7. UKAEA Culham Laboratory, Abingdon, Oxfordshire, UK. UK. 
8. Plasma Physics Laboratory, Space Research Institute, Sao 20. Nuclear Engineering Laboratory, Lapeenranta University, 

Jose dos Campos, Brazil. Finland. 
9. Institute of Mathematics, University of Oxford, UK. 21. JNICT, Lisboa, Portugal. 

10. CRPP/EPFL, 21 Avenue des Bains, CH1007 Lausanne, 22. Department of Mathematics, Univeristy of Bologna, Italy. 
Switzerland. 23. Oak Ridge National Laboratory, Oak Ridge, Tenn., USA. 

11. Swedish Energy Research Commission, S10072 Stockholm, 24. G.A. Technologies, San Diego, California, USA. 
Sweden. 25. University of Waikato, Hamilton, New Zealand. 

12. Imperial College of Science and Technology, 26. IPP, Academia Sinica, P.R.China. 
University of London, UK. 27. Southwestern Institute of Physics, Leshan, Sechuan, 

13. Max Planck Institut fur Plasmaphysik, D8046 Garching bei P.R.China. 
München, FRG. 28. University of Georgia, Atlanta, USA. 

14. Institute for Plasma Research, Gandhinagar Bhat Gujrat, 29. Centro de Investigaciones Energéticas Medioambientales y 
India. Techalogicas, Spain. 

15. FOM Instituut voor Plasmafysica, 3430 Be Nieuwegein, 30. University of Maryland, College Park, Maryland, USA. 
The Netherlands. 31. University of Essex, Colchester, UK. 

J CR 88 49 1A (rev 30/11/88) 

A5IO 



Heating of Peaked Density Profiles 
produced by Pellet Injection in JET 

by 

The JET Team 

(Presented by GL Schmidt) 

JET Joint Undertaking, Abingdon, Oxon OX14 3EA, UK. 

A511 



Heating of Peaked Density Profiles produced by 
Pellet Injection in JET 

The JET Team* 

(Presented by G L Schmidt) 
JET Joint Undertaking, Abingdon, Oxon 0X14 3EA, UK. 

Abstract 
A transient enhancement in performance of JET limiter discharges has been obtained when a peaked 
density profile formed by pellet injection is heated using either ICRH alone or in combination with NBL 
Pellet fueling is applied during the current rise. Heating follows the fueling sequence, and must be 
localized predominately within the plasma core. Electron density profiles are strongly peaked imme
diately following the pellet injection sequence, n^Oycn^^á 5, and retain a central peak while decaying 
during the period of enhancement. At a power level of 19MW (Prf=12.5MW,Pnb=5MW and 
Poh=1.5MW) and central density of 6xl019m3, central ion and electron temperatures of 10.5 and 12keV 
are obtained in 3MA, 3.1Τ discharges. Global energy confinement 1.6 times the Lmode level has been 
obtained. Values of nd(0)T(0)xB(a) in the range from 1 to 2xl020m 3keVs are achieved. Peak neutron 
rates can exceed those in similar nonenhanced shots by factors of 3 to 5 and increase strongly with 
heating power. Central ion and electron pressure can be enhanced by a factor of 2 to 3. Electron pressure 
can be >lbar with a gradient of 4bar/m. Ballooning stability limits are approached within the plasma 
core. The period of enhanced performance has extended up to 1.2s into the heating pulse, terminating 
spontaneously. The longest periods terminate with enhanced fluctuations, and a strong and rapid 
decrease in central electron and ion temperatures. Although mhd activity can be present during this 
period, sawtooth activity does not appear. 

1. Introduction 
The combination of peaked density profiles produced by pellet fueling with strong, 
central ICRF heating has been proposed as a means to enhance performance of limiter 
discharges[ 1,2,3]. Such experiments have begun on JET using a pellet injector system 
jointly built as part of the JET/USDOE collaboration on pellet fueling. The fueling 
source is a multibarrel, multiple pellet, pneumatic launcher developed at Oak Ridge 
National Laboratory[4]. Initial results were reported previously[4,5,6,7]. Improved 
performance has been obtained with peaked density profiles in previous ohmic and 
NBI heated experiments[2,8,9,10,ll] and recently with RF heating in divertor con

figuration [12]. Experiments on TFTR[13] and JET[14], with high auxiliary heating 
power, have demonstrated improved performance in limiter configurations at high 
temperatures. In those experiments, neutral beam injection was used both to produce 
and to heat peaked density profiles. We describe here experiments which demonstrate 
for the first time improved performance in limiter discharges fueled by pellets and 
heated by ICRH to ion and electron temperatures >5keV. We describe first how peaked 
density profiles are generated by pellet injection. Such profiles form the target for RF 
heating. The period of enhanced performance is then discussed. 

* See Appendix I 
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2. Production of Peaked Profiles 
Pellet injecton prior to the heating pulse is used to produce a peaked density 
profile. Both single and multiple pellet sequences have been used. Pellet fueling 
occurs during the current ramp phase. Primarily 3MA discharges have been 
studied. Fueling efficiency in these ohmic scenarios is high (Δη^η ^).7) and not 
strongly dependent on penetration. The remaining mass is likely to be lost in the 
formation and acceleration process. Strongly peaked profiles have been obtained 
only by penetration to or beyond the magnetic axis. Such penetration is obtained 
either by a sequence of 2.7mm pellets alone (7x102·©0 per pellet, 5 to 7 pellets at 
2.5Hz) or a combination of fewer 2.7mm and a single 4mm pellet (2.5xlO'D0 ). 
Peaking factors, nt(0)/<n>rOl, from 2.6 to 5 are obtained with central densities of 
from 0.8 to 2 xlO°mJ. Line average density exceeds the 3MA ohmic density limit 
in JET[7]. Density is limited in pellet cases by the appearance of mhd activity 
(Quasi Stationary Modes), which leads to rapid loss of particles and can precipi

tate a plasma disruption [15,16]. In the absence of QSMs, the peaked density 
profile, once formed, decays slowly with a time constant which can be >2s. 
Average Z>ff immediately after pellet injection can be <1.5. Electron temperature 
is strongly perturbed decreasing is some cases below 500eV on axis. While total 
radiated power remains from 40 to 60% of input power, the electron temperature 
profile can become inverted with central radiated power dominating the local 
power balance. Recovery of electon temperature occurs on the time scale of the 
density decay. Some mhd activity can be present during this period, but sawtooth 
oscillations do not appear. This high density, low temperature, sawtooth free 
discharge forms the plasma target for auxiliary heating. 

3. Heating of Peaked Profiles 
3.1 Survey of Results 
Following termination of the current ramp and pellet fueling sequence, heating by 
ICRF alone or in combination with NBI is applied as shown in Fig. 1. Results for 
both a strong (I) and a weak (II) pellet perturbation are compared. Results in case 
II are similar to no pellet cases. Fueling is produced by injection of a 4mm pellet 
at 3s in both cases. In case I, an earlier 2.7mm pellet has been injected at 1.5s to 
lower the central temperature, and thereby allow penetration to the magnetic axis 
at 3s. Auxiliary heating begins at 3.2s, and is then maintained at roughly a constant 
level. A period of enhanced performance is obtained in case I beginning with the 
onset of heating, and ending with a rapid decrease of central ion and electron 
temperature at 4.4s. 

During the heating pulse, the total electron particle content remains roughly 
constant in both these cases. For case I, the central electron density decays from 
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the peak values reached after pellet injection. The decay rate is faster than that 
observed in the absence of heating but remains in the range 4 to 6xl019m 3s '. 
Initially, central electron temperatures increase at similar rates in both cases 
although density in the enhanced case is 3x higher. Final electron and ion 
temperatures are larger in the enhanced case by factors of 1.5 and 2. As shown in 
Figs, lc and 2, neutron levels reflect these enhancements in core parameters, 
increasing strongly with RF power and exceeding no pellet results by factors of 
3 to 5. On a Is rimescale, impurity ion profiles develop which are markedly more 
peaked than n. within the plasma core. Such behaviour is expected from neoclas
sical transport[17,18]. Outside the core, the usual broad n, profiles are observed. 
The ratio n,(0)/nI(a/2)s2. As a result, central ZM is some 30% higher and njnt 
somewhat lower than the average value. Depending on the mix of heating power 
applied and the resulting range of O, C and Ni levels obtained, central Zeff after 1 s 
varies from 2.5 to 4 and n/n from 0.75 to 0.5. The core power balance is little 
affected by radiated power losses. In the best cases, the period of enhancement 
terminates as shown with an abrupt loss of central temperature, density and 
accumulation. Sawtooth oscillations do not appear prior to, or during, the times 
of interest. 

Enhanced core temperatures are obtained only in cases where a strong pertur
bation of the density and electron temperature is produced, and for which the RF 
resonance was located within the plasma core. The effect is not dependent on a 
particular k,, spectrum, and has been obtained using either monopole (k,, = 0) or 
dipole (k„=7m ') antenna phasing. The enhancement is obtained with H or He3 

minority heating, indicating the effect is not associated simply with a non-
maxwellian tail produced by second harmonic heating of the backround deute
rium. Neutron emission is predominantly thermal in origin. Enhanced tempera
tures and neutron yield are not obtained when the resonance location (resonance 
half width 0.3m) is shifted 0.5m from the magnetic axis, to the region outside the 
plasma core. Similarly the enhancement in central electron and ion heating is 
diminished as the neutral beam heating power is increased. At high density in JET, 
power deposition profiles for 40keV/nucleon beam heating are not strongly 
peaked within the plasma core. 

Fig. 3 shows density and temperature profiles after pellet injection and near the 
termination of the enhanced period for a pellet and no-pellet pulse. Within a 
central region of approximately 0.7m diameter, the profiles differ both in 
magnitude and scale length. In the pellet case, although the central value of the 
electron density decays from 1.35 to 0.6xl020m3 during the first Is of the heating 
pulse, the gradient scale length of the core density perturbation has only increased 
from 0.5 to 0.6m. The gradient scale length of the temperature profile, both for 
ions and electrons, is more than 2x smaller in the pellet case than in the no-pellet 
case. The electron temperature profile differs markedly from a triangular shape. 
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the peak values reached after pellet injection. The decay rate is faster than that 
observed in the absence of heating but remains in the range from 4 to 6xl0"m 3s 
'. Initially, central electron temperatures increase at similar rates in both cases 
although density in the enhanced case is 3x higher. Final electron and ion 
temperatures are larger in the enhanced case by factors of 1.5 and 2. As shown in 
Figs, lc and 2, neutron levels reflect these enhancements in core parameters, 
increasing strongly with RF power and exceeding no pellet results by factors of 
3 to 5. On a Is timescale, impurity ion profiles develop which are markedly more 
peaked than n, within the plasma core. Such behaviour is expected from neoclas
sical transport[17,18]. Outside the core, the usual broad n, profiles are observed. 
The ratio n,(0)/n,(a/2)=2. As a result, central Zeff is some 30% higher and n/n. 
somewhat lower than the average value. Depending on the mix of heating power 
applied and the resulting range of O, C and Ni levels obtained, central Zeff after 1 s 
varies from 2.5 to 4 and nyn from 0.75 to 0.5. The core power balance is little 
affected by radiated power losses. In the best cases, the period of enhancement 
terminates as shown with an abrupt loss of central temperature, density and 
accumulation. Sawtooth oscillations do not appear prior to, or during, the times 
of interest. 

Enhanced core temperatures are obtained only in cases where a strong pertur
bation of the density and electron temperature is produced, and for which the RF 
resonance was located within the plasma core. The effect is not dependent on a 
particular k,, spectrum, and has been obtained using either monopole (k,, = 0) or 
dipole (k„=7m ') antenna phasing. The enhancement is obtained with H or He3 

minority heating, indicating the effect is not associated simply with a non-
maxwellian tail produced by second harmonic heating of the backround deute
rium. Neutron emission is predominantly thermal in origin. Enhanced tempera
tures and neutron yield are not obtained when the resonance location (resonance 
half width 0.3m) is shifted 0.5m from the magnetic axis, to the region outside the 
plasma core. Similarly the enhancement in central electron and ion heating is 
diminished as the neutral beam heating power is increased. At high density in JET, 
power deposition profiles for 40keV/nucleon beam heating are not strongly 
peaked within the plasma core. 

Fig. 3 shows density and temperature profiles after pellet injection and near the 
termination of the enhanced period for a pellet and no-pellet pulse. Within a 
central region of approximately 0.7m diameter, the profiles differ both in 
magnitude and scale length. In the pellet case, although the central value of the 
electron density decays from 1.35 to 0.6x 10 2 ^ 3 during the first 1 s of the heating 
pulse, the gradient scale length of the core density perturbation has only increased 
from 0.5 to 0.6m. The gradient scale length of the temperature profile, both for 
ions and electrons, is more than 2x smaller in the pellet case than in the no-pellet 
case. The electron temperature profile differs markedly from a triangular shape. 
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The concurrence of higher density and temperature within this core plasma 
implies enhanced central electron pressure and pressure gradients as illustrated in 
Fig. 4. The ideal mhd ballooning stability of the equilibria corresponding to these 
profiles has been determined using the code HBT[19], assuming a magnetic 
geometry taken from the equilibrium identification code IDENTC and a radial 
profile of the total pressure as given by the electron pressure. The magnitude of 
the pressure is normalized by the Shafranov β (mhd). The ratio of mhd to 
diamagnetic β indicates the fast ion contribution to the total pressure is small. 
However, the influence of the fast ion pressure and its gradient within the plasma 
core may affect plasma stability locally [20]. This effect has not been included in 
the present calculations. Results of stability calculations are shown in Fig. 5 
assuming the q profile to be monotonie. For fixed q(a) the radial variation of the 
pressure gradient with shear and the first stability boundary vary with q(0). Two 
values of q(0) are shown in the range of the measured value 1.2 (Fig. 8). The 
discharge has reached the first stability boundary within the plasma core (r/a=0.3). 
Although the maximum β obtained is only 40% of the critical Troyon value for 
optimized profiles, the value of εβ is 1.1 to 1.2 times the maximum value for 
ballooning stability corresponding to the experimental profiles. Should q(0) reach 
1.5 the discharge would be marginally stable. The further increase in q(0), which 
can be attained with multiple pellet injection sequences (Fig.8), and the potential 
improvement in the stability boundary associated with such a change remains to 
be exploited as a means to obtain stable operation at higher pressure and low shear. 

Although some pellet discharges may approach the stability boundary, the 
level of incoherent magnetic fluctuations measured externally is approximately 
the same as is generally observed during auxiliary heating. Lowlevel, coherent, 
mhd oscillations and electron temperature relaxations are observed during the 
period of enhanced performance both on and offaxis; but no specific correlation 
has yet been established between the level of these fluctuations and loss of 
enhanced performance. Bursts of mhd activity during the heating can diminish 
neutron yield. In cases of longest duration, the period of enhanced performance 
is terminated by an abrupt collapse of the central electron temperature (Fig. 1). 
Analysis of soft Xray and ECE measurements shows that the collapse does not 
follow the JET sawtooth behaviour[21 ]. A complex radial temperature redistribu

tion occurs with the temperature profile often exhibiting two inversion radii. Up 
to ΙΟΟμβ preceeding the collapse, no growing m=n=l core displacement is 
detected. Successor oscillations are often present with a variety of m,n numbers. 
The dominant mode is usually m=3,n=2 centered about r=0.25m while edge 
magnetic measurements show a spectrum of modes with η < 8. The mode numbers 
of the successor oscillations, their spectral extent and the fact that sawteeth do not 
appear throughout the period of heating all indicate that q(0)>l during this period. 
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3.2 Energy Confinement 
The pellet fueling sequence perturbs several plasma parameters likely to affect 
both heating and thermal energy transport, but the mechanism responsible for the 
enhanced performance is not yet established. 

The combined change in ion density and temperature profiles alters the 
discharge η( parameter [dln(T.)/dln(n.)]. Assuming electron and ion temperature 
profiles are similar, the r\c parameter shown in Fig. 7 reflects η. during periods 
early in the enhancement phase when dilution effects are small. Following pellet 
injection, ηβ is first strongly reduced within the plasma core by the formation of 
a peaked density and broad temperature profile. During the subsequent period of 
heating and density decay, the radial variation in η, reflects the evolving shape of 
the density and temperature profiles. Within the plasma core (r/a<0.4), a residual 
Vn, is maintained in the region of maximum VT. Ultimately the core η values 
approach and exceed the nominal critical η parameter (1 to 2). The evolution of 
η within the plasma core is subject to significant uncertainty, however, the 
behavior shown illustrates the clear tendency of the pellet discharge to low central 
η. values during the early period of the enhanced phase. 

The current profile is altered by the perturbation of Τ resulting from pellet 
injection and the subsequent heating. The evolution of q(0) obtained from 
Faraday rotation measurements is shown in Fig. 8 for a multiple 2.7mm and a 
4mm pellet sequence. In these cases, the error in q(0) is estimated to be ±25%. 
Current diffusion calculations are in general agreement with these measurements. 
The calculations take the measured value of q(0) at t=ls, assume neoclassical 
resistivity including a bootstrap current, and vary the resistivity through the Zeff 
term to match the measured surface voltage. In both sequences, q(0) is greater than 
1 during the heating pulse, more strongly in the 2.7mm sequence, due to the 
extended duration of the temperature purturbation. During the heating following 
the 4mm sequence, q(0) rises slightly and the q profile broadens markedly. In no

pellet pulses, however, Faraday rotation measurements indicate that a similar 
effect may also occur. For pellet fuelled discharges, current diffusion calculations 
attribute this evolution to a substantial bootstrap effect (IbooulI1I/II>i„„.sO2), which 
in combination with the pellet perturbation can ultimately create a region of 
negative shear within the plasma core. Such a profile is potentially unstable and 
could be responsible for the abrupt termination of enhanced performance phase. 

Finally, density perturbations may cause variations in minority concentration. 
Such a variation can change the direct heating of the ions and electrons altering 
the power balance terms for each species. Detailed modeling of the ion and 
electron power balance is not complete. However, single fluid modelling of the 
plasma indicates that thermal transport within the plasma core can be reduced by 
a factor of 2 to 3 during the enhanced period[22]. This can be seen directly from 

A517 



the terms shown in Table 1, if comparable power deposition profiles are assumed. 
This improvement is only weakly reflected in the global energy confinement 
(+20%) when pellet and nopellet discharges are compared, probably due to a 
larger fast ion population in the no pellet shot. However, global confinement is 
enhanced significantly with respect to Lmode[23]. At an input power of 8 to 
10MW, global energy confinement is approximately 450ms. This value is 1.6 
times the Lmode level. A further transient improvement is seen during the initial 
heating phase when the profile is most strongly peaked, but a dW/dt term 
comparable to more than half the input power is present. 

3.3 Particle Confinement 
In the absence of heating, the peaked electron density profile formed by pellet 
injection decays slowly retaining its peaked character for an extended period. 
Outside the plasma core a region of weak gradient is formed similar to nopellet 
cases. This feature has been observed in past experiments [2]. In ohmic dis

charges, it has been modeled using a neoclassical pinch combined with a diffusion 
coefficient increasing with radius[2,24]. In modeling present experiments[25], a 
simple fixed form for that radial variation is assumed. As shown in Fig. 8, the 
diffusion coefficient incorporates a transition from a low central value to a higher 
edge value at r=0.45m. With the onset of heating, decay of the density profile 
becomes more rapid. A similar radial variation in the diffusion coefficient is 
sufficient to model this change, when a 20% increase in the edge value is included. 
Again the neoclassical pinch is assumed. However, a wide variation in decay rates 
is observed when a range of heated pulses is modeled. In some cases this 
simplified model cannot reproduce the increased decay rate. A significant 
increase in core diffusion is required, suggesting that another mechanism may be 
triggered which can further accelerate the central electron density decay. 

During the ohmic phase, impurity transport both of nickel (high Z) and carbon 
(low Z) within this weakly anomolous central region is found to be consistent with 
neoclassical transporta7]. During the heating phase, impurity transport can 
remain consistent with neoclassical theory within the plasma core until the 
termination of the enhanced period. In this phase, impurity transport may reflect 
the appearance of an ion temperature driving term[17]. 

4. Summary 
A transient enhanced performance mode has been obtained in JET limiter 
discharges using pellet injection fueling in combination with central RF heating. 
The occurence of the enhanced period follows strong perturbations in density and 
temperature profiles which, in the plasma core, lead to a reduction in the η 
parameter and a change in the q(r) profile. Thermal transport within the plasma 
core (r<0.5m) is improved by roughly a factor of 2 for both ions and electrons. This 
improvement occurs in the presence of strong local heating and strong ion and 
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electron temperature gradients. Central pressure and total neutron emission are 
increased. Neutron emission is predominantly thermal in origin. Ballooning 
stability limits are approached within this region. The enhancement is not related 
to a particular k,, spectrum or minority species but does require a resonance 
location within the plasma core. Decay of the density profile during the heating 
pulse is more rapid than observed in ohmic discharges, but in the best cases can 
be modeled using the neoclassical pinch and a diffusion coefficient similar to that 
obtained for the low temperature ohmic case. Impurity transport is consistent with 
neoclassical theory within the core and leads to moderate deuterium dilution. The 
enhanced phase is terminated after 0.75 to 1.2s of heating, often with a rapid loss 
of central pressure. This event is not a sawtooth. In general, sawtooth oscillations 
do not appear during the period of enhancement 
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Table I 

Pulse Nos: 17749/17747 

4.2s/3.5m 

P«(MW) 
ne(x10

19
m3) 

n=0.7n 
d e 

nd=0.5ne 

VT^keVnr
1
) 

VTe(keVnr
1
) 

ndVT, 
η VT 

Θ Θ 

Pellet 

19 
5.5 



2.8 
26 
35 
55 
192 

NoPellet 

17.5 
3.4 
2.4 


10 
6.8 
24 
23 
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Figure 1: Discharge Overview- Strong(I) Pulse No. 16211 and weak(II) 

PulseNo. 16206 pellet perturbations: (a)plasma current, central density, and RF 
heating power; (b)central electron temperature (second harmonic ECE); 
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Figure 1 : (c)neutron rate; (d)central ion temperature (Doppler broadening He-like Ni). 
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Figure 2: Neutron Rate as function of input power for RF heating only. Solid 
squares-enhanced phase. Open squares-later phase (t>4.4s). 
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Figure 6: Tieiis a function of minor radius following pellet injection at 3s (Pulse 
No:16235)eând 3.75s (Pulse No.17749 - solid points), and at 4.2s during a no-

pellet pulse (Pulse No: 17747 -open pts). 
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ABSTRACT 
High temperature plasmas (T^GkeV and Teü2keV) have been 

obtained in JET using NBI and ICRH. The low target densities 
required for these experiments were produced by using graphite 
surfaces to pump the plasma. Low density helium pulses were 
employed to deplete the graphite of deuterium, thereby enhancing 
the pumping effect. The trapping and slowing down rates for the 
ICRH minority ions and dd tritons were were close to the 
classical values. Although the ICRH minority ions carried as 
much as one third of the total energy content, the thermal 
plasma energy confinement was unaffected by their presence. The 
high temperature plasmas had the same plasma energy confinement 
as high density, low temperature plasmas and the heating rates 
of hot electron and hot ion discharges were similar. These 
results show that the prospects are good for αparticle heating 
and high temperature operation in thermonuclear plasmas. 

1. INTRODUCTION 

This paper reports some results obtained with low 
collisionality, high temperature JET plasmas and the associated 
fusion product diagnostic measurements. Nonthermal ions arising 
from neutral beam injection (NBI) or ion cyclotron resonance 
heating (ICRH) have long slowing down times and so contribute 
significantly to the fusion yield and the total energy content. 
At high RF power densities ICRH minority ions provide a good 
simulation of αparticles in a thermonuclear plasma. 

The NBI system has been used to inject 80keV deuterons at 
powers of up to 21MW. With the central electron temperature, 
Te(0), in the range 512keV, the NBI power is transferred to the 
thermal ions. Up to 18MW of ICRH have been launched in the 
plasma. When tuned to a minority fundamental resonance, ICRH 
couples mainly to high energy ion tails (mean energy«0. 1lMeV), 
which slow down on the electrons. A small proportion of the RF 
power is transferred directly to the electrons [1] by Landau 
damping, mode conversion or TTMP. Bulk ion heating and tail 
formation have been observed with second harmonic ICRH. 

NBI has been used to obtain hot ion plasmas with a central 
ion temperatures, Ti(0), up to 23keV and Te_(0) ~ 8keV at a 
central electron density, ne(0), * 2x10 m . Hot electron 
plasmas with Te(0) up to 12keV and T,(0) ~ 7keV have been 
obtained with ICRH at ne(0) * 3.5xl019m" . Similarly high Te and 
Ti have been obtained simultaneously by using ICRH and NBI 
together. 

2. FUSION PRODUCT MEASUREMENTS 

Comprehensive measurements have been made of neutron rates 
and spectra. The neutron yield has been absolutely calibrated in 
situ using radioisotope sources and a pulsed neutron tube to an 
estimated accuracy of 10%.The neutron energy spectra have been 
used to separate the sources of neutron emission so that the 
central deuteron density could be determined. 
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14MeV neutron emission has been measured by foil activation 
28 

and silicon diode counters. This latter technique utilises Si 
(η,α) and (n,p) reactions whose cross-sections have effective 
thresholds at around 6MeV. Good discrimination against γ's and 
2.5MeV neutrons is obtained by only accepting large amplitude 
pulses. 

Plasma y-ray spectrum measurements have provided valuable 
information about the fast ion distribution in ICRH plasmas. The 
y-ray spectra indicate the presence in ICRH plasmas of fast ions 
with energies higher than 7.5MeV. The details of these 
measurements and their interpretation are presented elsewhere 
[2]. 

3. HIGH TEMPERATURE OPERATION 

The low densities required for high temperature operation 
require that the plasma be pumped both before and during 
additional heating. Two methods have been used to accomplish 
this: either the plasma is started on the main limiters and then 
moved onto the graphite protection tiles on the small major 
radius side of the vacuum vessel or an X-point configuration [3] 
is formed. In both cases the graphite surfaces act as a particle 
sink and the plasma is pumped. Low density helium conditioning 
plasmas [4] are used to deplete the graphite of deuterium and so 
increase the pumping action. 

Figure 1 illustrates the main features of a typical high 
temperature plasma (JET pulse 16066) between 10 and 16 seconds 
after breakdown. The X-point was formed at 8 seconds and ne(0) 

19 —3 
fell to a very low level (0.8x10 m ) before the heating was 
applied. 

The ICRH heats the electrons, so reducing the electron/ion 
coupling, and provokes a "monster" sawtooth [5]. Both these 
effects promote ion heating by the NBI. Following the last 
sawtooth crash before the monster, Ti(O) rises rapidly to 14keV 
and the neutron emission peaks. The electron and ion temperature 
profiles, at the time of the maximum T^O), are shown in 
Fig.1(c) and are seen to be highly peaked. 

Shortly after the maximum Ti(0) the density begins to rise 
more rapidly, whereupon both the ion temperature and the neutron 
emission fall. The electron density profile changes from being 
peaked to being hollow at this time and carbon line radiation 
increases. At the monster sawtooth crash the plasma temperatures 
collapse and show no signs of recovery in spite of an associated 
fall in density. 

4. NEUTRON EMISSION 

Similar plasma conditions to those of Fig. 1 had been 
obtained at the same power level with He minority ICRH a few 
pulses previously. Tuning to hydrogen minority doubled the 
neutron rate. Whilst the increased neutron emission could be due 
to the formation of a high energy deuteron tail by 2a>cd ICRH, 
only 12% of the neutrons can be identified beyond 2.8MeV (which 
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corresponds to the NBI energy) in the liquid scintillator 
spectrum. 

During the first #second of ICRH the yspectrum was 
dominated by 12C(p, p')12C* (threshold 4.8MeV). Only m the last 
second, when the neutron rate had fallen, did C(d,p) C 
(threshold 0.36MeV) take over. Thus the increased emission 
cannot be due to high energy deuterons. A possible explanation 
for the extra neutrons is the effective reduction of the NBI 
slowing down rate by the RF fields. 

The neutron emission of other high temperature pulses can 
be accounted for by the beambeam, beamthermal and 
thermalthermal deuteron reactions. Of these, the beamthermal 
interactions are the most important and account, typically, for 
60% of the neutrons. The beambeam neutrons are only significant 
during the low density period of the heating pulse and provide 
«1050% of the maximum emission. 

The interpretation of the neutron yield measurements 
requires that the deuteron concentration in the high temperature 
plasmas is rather low, with nd/ne«0.250.45 being typical. 
Analysis of other diagnostics such as visible Bremsstrahlung, 
neutron spectra, triton burnup and charge exchange 
recombination radiation give similar values. 

5. FAST PARTICLES IN PLASMAS 

The energy confinement of ICRH minority ions and the 
burnup of tritons produced by dd fusion reactions test much of 
the important physics of αparticle heating in thermonuclear 
plasmas. Not only are the Larmor radii of these ions similar to 
those of dt a's but also, in the case of the ICRH fast ions, 
nfast/ne (~10

2
) , ßfast («1%) and vfast/vAlfven (>1) are in 

the appropriate range. However, dt a's have an isotropic 1/v 
distribution whereas the ICRH minority ions have a 
quasiMaxwellian anisotropic (ν^/ν,ι^Ο) distribution. The 
anisotropy of the ICRH distribution might be expected to provide 
rigorous tests for the appearance of losscone instabilities, 
fishbones and stochastic diffusion. 

The energy density contained in fast minority particles 
should be TsPrf/2, where Prf is the absorbed power density and 
τ8 the minority slowingdown time on the electrons. The 
perpendicular energy contained in the minority particles can be 
obtained from the diamagnet ic loop and equilibrium magnetic 
fields. The correlation with TS(0)PICRH/2 is satisfactory, as 
shown in Fig. 2(a). The factor 35 between the axes can be 
accounted for by profile effects, the RF coupling efficiency, 
finite minority poloidal Larmor radii and, possibly, anomalous 
losses. 

If the ICRH deposition profile calculated with a ray 
tracing code [6] is combined with profiles of temperature and 
density, then it is found that RF coupling efficiencies of 0.5 
for hydrogen and 0.65 for helium minority are required for the 
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St ix distribution function [1] to match the experimental data on 
minority energy and fusion yield [2]. The results of a 
self-consistent wave propogation and Fokker-Planck code are 
compared with data in Fig. 2(b). To improve the match with some 
data points, where τΒ can be as much as 1 second, an additional 
ad-hoc energy loss with a characteristic time of 0.5 seconds has 
been added. The absorbtion is calculated to occur mainly on the 
minority in these plasmas. The extra loss term can be associated 
with the rather low coupling efficiencies required in the Stix 
calculation. Neoclassical effects have been neglected in 
calculation of the minority distribution functions. So these 
should be assessed before it is assumed that the extra losses 
are anomalous. 

The 14MeV neutron emission from a deuterium plasma provides 
direct measurements of the slowing down and trapping of d-d 
tritons (lMeV). Figure 3 shows the temporal evolution of the 
2.5MeV and 14MeV neutron emission from a plasma with 2.5MW of 
NBI and 12.5MW of ICRH. The minority ion energy content was 
approximately 1MJ compared with 4MJ in the thermal plasma. The 
delay due to the slowing down of the tritons on the plasma 
electrons from lMeV to the peak of the d-t cross-section at 
240keV can be seen clearly. 

The results of a calculation of the 14MeV emission based on 
the measurements of plasma temperature and density are also 
shown in Fig. 3. The slowing down time must be systematically 
reduced by 15% in order to obtain agreement with the 14MeV 
measurements from most plasmas. This systematic rescaling of T S 
is within the experimental error, which is typically 20%. The 
rate of triton burn-up is generally in good agreement with the 
classical calculation which implies that the trapping is close 
to 100% in JET plasmas with currents of 3MA or more. 

6. ENERGY CONFINEMENT AT HIGH TEMPERATURES 

The data from a set of 3MA.2.8-3.4T discharges has been 
sorted into ΔΔ high Te (9<Te<llkeV, 4<Ti<9keV), DD high Ti 
(9<Ti<14keV, 6<Te<9keV), OO high Ti and Te (Ti,Te>9keV) and ΟΘ 
high density (ne>3.5xl0 m and Te<6keV) groups. Figure 4(a) 
shows the diamagnet ic energy content against heating power for 
these pulses. The diamagnetic energy content shows a 
considerable spread, with the high density plasmas having the 
lowest energy contents. 

The plasma energy content, determined from magnetic 
measurements assuming that all fast ions are perpendicular, is 
plotted against heating power in Fig. 4(b). The spread is now 
rather small and the different groups are interspersed with no 
apparent trend in either temperatures or density. The spread in 
the diamagnetic energy must be predominantly due to fast ions. 

The plasma energy confinement is apparently insensitive to 
overall temperature (or density) variations of a factor of two. 
The heating rates for the electrons and ions are very similar 
(Te/i(0) * 2-3xl0

19
Pe/1(MW)/ne(0) keV). 1-D transport 

simulations [7] of these plasmas require that the ion and 

A536 



electron thermal conductivities be approximately equal in order 
tc satisfactorily reproduce the data. However, at the time of 
writing, the local transport analysis of the hot electron and 
hot ion plasmas has not been completed. 

By pushing the plasma to a smaller minor radius on the 
inside wall, plasmas which are similar to the TFTR "supershots" 
[4] have been produced. Figure 5 shows the temperature and 
density profiles in one of these pulses (JET pulse 16981). The 
characteristic narrow electron density and broad temperature 
profiles can be seen. This pulse has been identified in Fig. 4. 
The global energy confinement is very similar to other high 
temperature JET pulses in spite of the different plasma 
dimensions. 

7. CONCLUSIONS 

High temperature,low collisionality plasmas have been 
produced in JET by high power NBI and ICRH. The low plasma 
densities required for operation im this regime are achieved by 
using the graphite wall tiles as a plasma pump. 

The trapping and slowing down of fast ÍCRH minority ions 
and dd tritons are close to classical expectations. There are 
some signs of additional losses when the slowing down time is of 
order one second but this has yet to be fully investigated. 
Neoclassical losses, in particular, should be assessed. MHD 
instabilities have been observed to eject fast particles from 
the plasma core in JET [8]. However the prospects for usable 
αparticle heating in future tokamak experiments are good. 

The plasma energy content is insensitive to the temperature 
of either the electrons or the ions. The presence of fast ion 
populations with up to 50% of the plasma energy does not affect 
the plasma energy confinement. Thus the high temperatures and 
fast ion heating required in a thermonuclear plasma do not cause 
any deleterious effects beyond the usual confinement degradation 
with additional heating. 

The fusion performance of the JET high temperature plasmas 
would be greatly enhanced if the plasma deuteron content were to 
be increased and the next stage of the experimental development 
of these discharges will be dedicated to this end. 
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EXPERIMENTAL AND THEORETICAL STUDIES OF 
ION CYCLOTRON HEATING ON JET 

ABSTRACT 

Minority ICRF experiments are described which exploit the 
special features of highly localised heating and fast ion pro
duction. Power modulation during sawtooth stabilised periods 
has provided power deposition profiles, direct electron heating 
fractions and electron thermal diffusion coefficients inside the 
q = 1 surface. He

3
D fusion reaction experiments with energetic 

He
3 minority ions have produced 60kW of fusion power (Q  0.5 

%). These results agree well with both a Stix model and a com
bined global wave/Fokker Planck model. Onaxis ICRH during the 
current rise of high current discharges (I ¿ 5MA) has achieved 
central electron temperatures and DD reaction rates up to twice 
as high as those obtained with heating in the current flat top. 
The first JET Ηmodes with substantial combined RF and neutral 
beam injection heating have been produced in a double null 
Xpoint configuration. 

1. INTRODUCTION 

Ion Cyclotron Resonance Heating (ICRH) on JET has reached 
a coupled power level of 18MW in limiter discharges. Such 
heating has achieved central electron and ion temperatures of 
11.5keV and 8keV respectively, with H or He3 minority heating of 
pellet fuelled plasmas in which the peaked density profile was 
sustained for 1.2 sec. During this time the electron thermal 
transport was approximately halved [l,2J. A plasma energy 
content of 7MJ has been attained with 13MW of RF power in a 5MA 
limiter discharge and about 0.7MJ of this energy resides in the 
H minority ions [2]. These energetic ions are presently thought 
to be a possible stabilising agent responsible for 'Monster' 
sawteeth [3,1]. Sawtoothfree periods have been produced by 
ICRH for up to 3 sees in deuterium and helium plasmas with 
either H or He3 minority ions and occur for safety factors q ̂  
¿ 3.3 [5]. At q c v l  3.3, optimum values of the incremental 
confinement time are found in RF heated limiter discharges. 
This effect is consistent with onaxis power deposition and a 
thermal diffusivity, χθ, which decreases with increasing plasma 
current but increases as the size of the q = 1 surface increases 
[6]. Most recently combined RF + NBI (neutral beam injection) 
experiments have obtained DD reaction rates up to 2.2 x 1016 

s"
1 in low density, inner wall plasmas [7]. In all the above 

experiments, the localised onaxis RF power deposition and the 
energetic minority ions play a key role. These aspects are also 
central to three of the studies presented in this paper, namely: 
RF power deposition and heat transport measurements using power 
modulation during sawtoothfree periods; He3D fusion 
experiments with He3 minority energies in the MeV range; and 
improved heating of 5MA discharges by ICRH in the plasma current 
rise phase. The final section describes recent results of RF 
heating of doublenull Xpoint plasmas. 
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2. MODULATION EXPERIMENTS DURING MONSTER SAWTEETH 

Sawtoothfree periods enable power deposition profiles and 
electron transport to be studied inside the q = 1 surface with
out the complications caused by internal disruptions either 
locking to the modulation [8] or redistributing fast ions [9]. 
Experiments have been carried out with (H)He3 and (He3)D minor
ity heating schemes and an example of the latter is described 
here. The deuterium limiter discharge parameters were as 
follows: plasma current, I = 2MA, central toroidal field, 
BT= 3^T, elongation, b/a = 1.5, central electron density, 
ne(0) = k.2 χ 101

' m"3, He3 concentration, nHe3 = 3 χ 1018 m3 

and effective ionic charge state, Zeff. = 1.9. The ICRH was 
applied with monopole phasing at a frequency of 32MHz to give 
onaxis heating. The power was square wave modulated at *JHz 
between 6MW and 9MW. The response in the central electron 
temperature, Te(0) during the 1.5s sawtoothfree period was a 
triangular modulation with an amplitude of 0.25keV about a 
steady value of 7.7keV. The electron temperature profile was 
measured by a 12 channel ECE polychromator and the amplitude 
(Fig. 1a) and phase (Fig. 1b) of the 4Hz component Tewas 
extracted by Fourier analysis. The amplitude is peaked in the 
plasma centre and is almost gaussian in shape with a maximum of 
200eV and an efolding width of 0.3m. The phase lag with 
respect to the RF power is close to 90° on axis and increases 
with increasing minor radius. 

These results have been modelled by solving the heat 
diffusion equation for electrons in cylindrical geometry. The 
source term consisted of direct electron heating (by TTMP, elec
tron Landau damping and mode conversion) and indirect heating by 
collisions with the minority ions. For simplicity, each compon
ent was assumed to be gaussian in profile with a width, W. The 
direct heating power density (50kW m"3 on axis) was obtained 
from the changes in (3Te/3t) at the RF switchup (and switch
down) times so that the only free parameters in the model were W 
and xe. 

The results of the calculations are shown in Figs. 1a and 
1b for pairs of values of χ and W which fit both the amplitude 
and phase data. Values of χΘ less than 1.4m2s1 and greater 
than 2.8m2s1 lead, respectively, to too large and too small 
values of the peak Ϊ amplitude. The observed modulated wave
forms are also well reproduced when the exact power waveform is 
used as shown by the 'boxcar' averaged signals in Fig. 2. The 
acceptable range of χθ values depends on our assumption that all 
the coupled power appears as central heating. A check on this 
is given by the modulation on the Shafranov (Emncl) and diamag
netic (Ed^a) energy measurements. The total energy Et s 
given by: 

E
tot

 = 1 Ë
mhd

 + 3 È
dia

 (1) 

and, for ωτ^ >> 1 (τΕ is the energy confinement time and ω is 
the modulation frequency), the power is determined from 
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Pt t = (jüËtot. In the present case P t o t is found to be 75Í of 
the coupled RF power which, when taken into account, reduces the 
model values of T g by 15  20$ and improves the fit for χe = 
1.4m

2
s
 1 and W = 0.19m. However, such a low value of χθ 

disagrees somewhat with a transport analysis fit to the steady 
temperature which favours χ  3 m

2
s

_ 1
. The values of W 

(Fig. 1a) are somewhat less than that (0.2m) predicted by self
consistent global wave and Fokker Planck calculations [ΐθ]. 
This code also gives a central direct heating power density 
(TTMP + ELD) of 30kW m3 compared with 50kW m~3 observed. The 
difference could be made up by mode conversion which is 
estimated at about 15% of Ptot but as yet its profile cannot be 
predicted. 

3. He
3  D FUSION YIELD MEASUREMENTS 

The fusion reaction He3 + D »· He1* (3.6MeV) + ρ (l4.7MeV) 
has been studied using (He

3
)D minority ICRH in limiter plasmas 

with the following parameters: 2.5 < I (MA) < 4. 5, 
3.1 < BT(T) < 3.4, 3 x 10 l s m"3 < ne(0) < 6 χ 1 0 " m~3 and 
1% < nHe3//n

e
 < ^^· R F po

w e r levels up to 15MW were coupled at a 
frequency of 32MHz and with the He

3 fundamental cyclotron 
resonance within 0.1m of the magnetic axis. The reaction rate 
was measured by detecting the weak γray branch from the 
l6.6Mev level in Li5 using Nal and BGO scintillators [9]. An 
example of the Ύray spectra is given in Fig. 3a. The count 
rate is a rapidly increasing function of the RF power as shown 
in Fig. 3b, where the maximum value corresponds to 2 χ 1016 

reactions per second, a fusion power of 60kW and a Q ( = 
Pfus/PRF) value of 0.5%. 

The results have been compared with both a Stix model [il] 
and the more sophisticated, combined wave absorption and Fokker
Planck calculation [1 θ] , In the Stix model the reaction rate R 
inside a flux surface of minor radius r is given by: 

R = 2 χ 1015 ƒ£ (A/Z2lnx)(nD/ne) P dT e
3 / 2 < σν >/Tfcrdr (2) 

in which A and Ζ are the atomic mass number and charge of the 
minority ions, nD is the deuterium density, Pd is the RF power 
density, < σν > is the rate coefficient averaged over the 
distribution functions and Tt is the He3 tail temperature. The 
reaction rate was calculated using the observed profiles of T e 
and η and a gaussian power density profile with a width of 0.2m 
consistent with the modulation experiments and power deposition 
calculations. Typical radial profiles of Pd, Tt and dR/dr (the 
reaction rate for each flux surface) are shown in Fig. 4a. Note 
that the maximum contribution to the reaction rate is 0.26m off 
axis where the tail temperature is - 0.5MeV. In the centre, Tţ. 
is 5MeV and a large fraction of the He3 ions have energies 
beyond that at which the cross-section peaks. The reduction of 
the slope of the fusion yield curve at high RF power (Fig. 3b) 
is due to this overheating of the minority ions so that an 
improvement may be gained by tailoring Pd using several RF 
frequencies, for example. 
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The observed and predicted reaction rates are compared in 
Fig. 4b. In the calculations, the fraction of the coupled RF 
power absorbed by the He

3 minority ions was taken to be 65? 
which was found to best reproduce the observed fast ion energy 
content and is in reasonable agreement with the modulation 
experiments (Ptot  0.75 PCOupled^ w h e n d i r e c t electron heating 
is taken into account. A dilution factor nQ/ne =0.3 was found 
to give the best simulation of the observed yields. The global 
wave/Fokker Planck calculations also reproduce the data well and 
require slightly higher dilution factors, nD/ne  0.45. These 
values are within the range 0.25 < nD/ne< 0.5 obtained from DD 
thermal reaction rate measurements and are consistent with 
n
D

/ n
e ~ °"3 obtained from TRANSP modelling of DD beamplasma 

fusion rates [6]. Similar values have also been deduced from 
measurements of Ζ ™ profiles. 

4. RF HEATING DURING CURRENT RISE PHASE 

The objective of applying central ICRH during the rise of 
the discharge current was to heat the plasma before the onset of 
sawtooth activity, particularly for high plasma currents 
I 2 5MA, where Monster sawteeth are difficult to produce. By 
virtue of the raised electron temperature, the ICRH also slows 
the current penetration to the plasma core thereby delaying the 
onset of sawteeth. Fig. 5a shows how the first sawtooth crash 
occurs progressively later in time as T (0) and the RF power are 
increased. In this case, (H)D minority heating (dipole phasing) 
was used at 48MHz and BT = 31T. At 43s the plasma current was 
3MA and reached its steady value of 5MA at 47.2s. The 
saturation of the current penetration is shown by the 
polarimetrie measurement of the central safety factor q(0). The 
first sawtooth crash occurs when q(0) is close to unity but note 
that the reduction in Te(0) is large (2  3keV) implying that 
q(0) = 1 over a substantial part of the plasma core. This is 
supported by T profile measurements which show the inversion 
radius to be  40cm compared with  15cm for the ohmic dis

charges at the first sawtooth crash. In this respect, the crash 
is characteristic of Monster sawteeth, and indeed a Monster saw
tooth has been seen following normal sawteeth during the current 
rise of a 6MA discharge. Thus both current profile effects and 
the stabilisation mechanism responsible for Monster sawteeth are 
apparently involved in enhancing these discharges. 

The improvements gained from this method of operation are 
a large increase (a factor  2 in the best case) in Te(0) as 
shown in Fig. 5b, an increase in T^O) by 10  20%, a similar 
improvement in the incremental confinement time and almost a 
factor of 2 gain in neutron yield from DD reactions for RF 
power levels in excess of 13MW. 

5. XPOINT DISCHARGES WITH ICRH 

The doublenull Xpoint geometry in JET provides a good 
match between the curvature of the antennae and the last closed 
flux surface and allows RF power to be coupled at plasmalimiter 
separations greater than the minimum of 3cm required for Hmode 
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formation. With this configuration Ηmodes have been obtained 
in 3MA discharges using combind NBI and central (H)D minority 
ICRH at power levels in the region of 8MW and 6MW respectively. 
Comparisons with beamonly Ηmodes show that the rate of rise of 
the radiation is greater (typically by a factor of two) with 
combined heating and this has the effect of shortening the 
Ηmode, since the HL transition occurs when Prad= p

tof Al
so
» 

the confinement time in the combined heating case is reduced by 
typically 30?. With RF heating alone, the D light indicates 
short periods ( 0.5s) of reduced deuterium recycling charac
teristic of Ηmode formation. Following such periods the radia
tion decreases substantially and dne/dt changes sign indicating 
a sudden reduction in particle confinement. Both effects are 
seen after the HL transition in beam heated plasmas. However, 
in the RF only case, the 'pedestal' edge electron temperature of 
0.3keV is less than the HL transition temperature ( 0.5keV) 
and the energy confinement of 0.3s is symptomatic of an Lmode. 
So far, only a few attempts have been made to study Ηmodes with 
ICRF or combined heating and as yet the reason for the poorer 
Ηmodes is not completely understood. If impurities are the 
cause, then the new beryllium antenna screens could be greatly 
beneficial. 

6. SUMMARY 

The spatial extent of the ICRF power deposition and the 
ratio of direct to indirect electron heating have been obtained 
from modulation experiments and agree reasonably well with 
global wave calculations. Values of χβ have also been deduced 
and are somewhat smaller than those given by transport analysis 
of the steady state. The acceleration of minority ions by ICRF 
to high energies has been utilised to produce 60kW of fusion 
power by the He

3
D reaction which agrees with theoretical 

expectations. Onaxis heating during the current rise phase has 
substantially improved the performance of high current 
discharges. The best use of the ICRH peaked deposition so far 
has been to reheat the peaked density profiles produced by 
pellets [l,2] which benefit from good central confinement and 
yield one of the highest ηβτΕΤ^(0) values obtained so far in 
JET. 
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Fig. 1 Amplitude (a) and phase (b) of the electron 
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THE PLASMA BOUNDARY IN JET 

ABSTRACT 

The parameters of the scrape-off layer in JET are presented for 
the case of the new belt limiters and compared with the earlier 
case of 8 discrete limiters. The scaling with the main plasma 
parameters is found to be similar and fits a model that 
correctly describes the dependence on the mean plasma density 
but shows a discrepancy with the input power. 

The carbon influx relative to the deuterium influx, derived from 
spectroscopic measurements, is compared with the influx 
calculated from the measured SOL parameters using the physical 
sputtering plus carbon self-sputtering and the charged particle 
flux on the belt limiter. Both ratios show a decreasing trend 
with increasing density, although a discrepancy at low density 
remains. 

The SOL in neutral beam heated discharges, although not steady 
state, shows a behaviour comparable with that in OH limiter 
discharges. However in discharges with radio-frequency heating 
the SOL parameters are instantaneously affected by the r.f. 
power and its behaviour depends on wall conditions. 

Some typical measurements of the SOL parameters in divertor 
plasmas are given showing that in the outer divertor the plasma 
is hotter than in the inner one (with correspondingly lower and 
higher density respectively) . Power flow to the outer divertor 
is higher than to the inner one and the temperature difference 
indicates that net currents must flow in the SOL. 

1. INTRODUCTION 

Edge conditions are important in tokamaks as they determine; 
impurity production by sputtering at the limiter, the ability of 
the scrape-off layer to screen impurities from the core of the 
discharge and the establishment of the H mode of enhanced 
confinement in discharges with a magnetic separatrix. 
Experimental measurements have been made with Langmuir probes 
and other diagnostics. Empirical scalings of the scrape-off 
layer parameters in terms of the main discharge parameters have 
been established and compared with models of the scrape-off 
layer. In this paper we review our understanding of Ohmic and 
additionally heated discharges in limiter and divertor 
configurations. 

2. EXPERIMENTAL RESULTS 

(a) Edge Parameters Measured by Means of Langmuir Probes 

During the past year JET has operated in limiter and divertor 
configurations. The limiters are two carbon belts, located on 
the outboard side of the discharge, approximately ± 1 m frem the 
mid plane. The divertor operation has been mainly single null 
with the power deposited on carbon tiles at the top of the 
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vessel. Profiles of scrapeoff layer parameters have been 
measured with a reciprocating Langmuir probe located at the top 
of the vessel, roughly mid̂ way between the divertor target tiles 
and the upper belt limiter. Additional data have been obtained 
with fixed probes mounted in belt limiters, ICRH antennas and 
divertor target tiles, and also with a variety of other 
diagnostics including infrared cameras, spectroscopy, microwave 
re f lee tome try and a high resolution E Œ system. 

Measurements at different toroidal and poloidal positions 
indicate that these observations are representative of the SOL. 
A extensive data base of scrapeoff layer parameters was 
established with fixed probes during previous years of operation 
of JET when there were 8 discrete carbon limiters on the torus 
mid plane [1]. Measurements with the reciprocating probe in the 
new belt limiter configuration (the points in Fig. 1) are 
consistent with the discrete limiter data base (the lines in 
Fig. 1) . In the discrete limiter case the density at the last 
closed flux surface ne(a) scales as <ne>Ip and the temperature 
Te(a) as I 2/<ne>

2 [2J . Care has been Taken to make these 
measurements when particle and energy balance have reached 
steady state. The efolding length of SOL density at the outer 
midplane λ η is usually in the range of 10 mm and thescaling 
with I appears to be ^ α I1 rather than λ η α I '

2 which 
might be expected due to constant D| , plasma q and connection 
length effects. _ 

During NB heating in limiter discharges the central density 
increases and a steady state cannot be obtained. Two competing 
processes take place in the SOL. The higher power conducted to 
the SOL causes the edge temperature initially to rise, delayed 
by the slowing down time of the fast particles, while later the 
edge temperature decreases when the density rise due to beam 
fuelling reaches the edge [3] . There is little change in SOL 
thicknesses. With RF heating the SOL parameters react nearly 
instantaneously to the applied power indicating a direct power 
deposition. Edge temperature and density both increase. 
Scrapeoff lengths frequently increase but λ^ is not affected 
for a very well conditioned vessel (low impurity influx; low gas 
release) [4] . In these cases the discharge usually reaches a 
steady state. Mixed heating schemes show a mixture of these 
effects and can only be used for approximate studies of 
operational conditions and limitations. 

In the divertor configuration, profiles along a poloidal contour 
obtained from fixed Langmuir probes in the target tiles are 
shown in figure 2 for a 4.5 MA discharge for both OH and 
Ηmodes. The inner and outer separatrix positions are 
indicated. The inner divertor plasma is colder and denser than 
the outer; more power is carried to the outer. 

Detailed measurements of radial profiles have been made with the 
reciprocating probe. Figure 3 shows profiles obtained in the 
Ohmic and Ohmic + ICRH phase of a 3 MA; 3.4 Τ discharge (taken 
from two similar discharges). The change in slope in the 
density SOL is interpreted as indicating that the probe has 
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crossed the LCFS. Figure 4 shows a similar case for a 3 MA; 2.1 
Τ diverted discharge in Ηmode conditions (ie. with NBI) . 
Scrapeoff lengths from this probe can only be compared to those 
obtained with the fixed probes in the target tiles by taking the 
magnetic configuration ie. compression of magnetic flux 
surfaces, into account [5]. The ratio of the saturation current 
on ion and electron side is shown to range from 0.3 to 3. It is 
less than unity near the outer separatrix but further out it 
exceeds unity. 

(b) Spectroscopic studies of impurity influxes 

The main impurities in JET are carbon and oxygen. Some nickel 
is introduced from the antenna screens during RF heating. 

The SOL parameters have been used to calculate the carbon 
influxes using physical sputtering yields [6] and including 
carbon self sputtering. The influxes have been integrated over 
the SOL. The results are presented here as the ratio of 
sputtered carbon flux rc to the deuterium flux rD incident on 
the belt limiter (Fig. 5). 

For the spectroscopic measurements of influxes, plasma light 
emitted from areas in front of limiters or wall is collected by 
telescopes and transmitted by means of a quartz optical fibre 
(100 m) to spectrometers or detectors equipped with narrow band 
interference filters. Using atomic constants the influx can be 
derived from the spectroscopic line intensities and the measured 
density and temperature profiles. The telescopes observe only a 
small part of the interaction area. Usually simultaneous 
measurements of hydrogen, impurities and continuum (for Zeff) 
are taken [7]. 

The ratio of carbon to deuterium influx is also obtained 
experimentally from spectroscopy (Fig. 5). In steady state the 
local recycling must be close to R=l and the deuterium influx 
must be equal to the flux onto the surface. The data refer to a 
series of discharges where density flat tops at various values 
were obtained after pellet injection. Both calculated and 
spectroscopic results show a decreasing trend with <ne>. 

Oxygen influxes often behave erratically and are only partially 
understood. Comparison of the behaviour of D2 and Hedischarges 
indicates that chemical processes involving oxygen are important 
[8]. 

Metal impurities, such as nickel, originating from the inconel 
wall or from the nickel Faraday screen of the RF antennas during 
the application of RF power are due to localised effects and are 
not easily explained by the overall SOL parameters. However the 
removal of metals from the limiters is consistent with the 
limiter sputtering model [10]. 

3. INTERPRETATION AND DISCUSSION 

The experimental scalings of Te(a) and ne(a) as a function of I„ 
and <ne>, are shown in figures 1A, IB. The indication that JET 
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has a relatively uniform SOL, has stimulated an effort to model 
the SOL behaviour fron basic principles. The experimental 
scaling ne(a) α I_ <ne> may be approximated by ne(a) α <n_>2 and 
this relation can be modelled by simple particle diffusion 
[11,12,13] . The power to the SOL, PL, ie. the difference 
between input power and the radiation losses was then taken as a 
variable. The carbon impurity influx was calculated using the 
physical sputtering model for carbon [6]. Radiation losses were 
derived from central carbon concentrations obtained by the 
analytical transport model of Engelhardt [11]. 

Assuming simple parallel transport without impurity production 
we obtain: Te(a) α PL '3/<n> Λ . Including physical sputtering 
and radiation in a self consistent way yields T_(a) α 
P L

0  6
/ ^

1
'

7 [14] . For the comparison of the experiment with the 
model we note that the loop voltage V ¿ = 1 V and is 
approximately constant so that I_ α P. Since the radiated power 
is 4060% of the input power we obtain for the experimental 
scaling Te(a) α P2

<n_>
2
. We note that the density scaling 

agrees well, but that the scaling with power shows a 
discrepancy. However, the strong dependence on density shows 
that this is the main controlling factor in the decrease of the 
temperature and thus sputtering (due to the fall in yield at 
lower impact energies). The discrepancy with power dependence 
is due to the change of the SOL thickness with current and more 
careful examination and further refinement is required for 
understanding. 

Transport of particles and energy described by D| and χ| can in 
principle be derived from λ η and λτρ. λ η is "approximately 
constant over several orders of magnitude in the SOL profile 
indicating that D| α Ί~'2 (locally) . Values of D| ^ 0.5 to 4 
m
2
/s have been deduced [14,15]. 

Experimental and calculated results for the relative carbon 
influxes (Fig. 5) are similar. At low density the spectroscopic 
results show a higher relative carbon influx. Most of this 
discrepancy is due to the difference between the charged ion 
flux onto the limiter and that inferred from Da measurements. 
The decrease in the relative carbon influx with increasing <ne> 
is also reflected in the behaviour of the central concentration 
of carbon which falls with increasing <ne> and increases with 
I_[8]. The apparent agreement is maybe fortuitous because there 
are indications that the sputtering yield under high ion fluxes 
[9] is higher than the values used in the sputtering model and 
the sputtering of carbon by oxygen has been ignored. 

The data for divertor discharges, which show the outer 
separatrix hotter than the inner one suggest that a net 
thermoelectric current must flow in the SOL [16]. This current 
has been observed (I ţ 10

s A/m2) [17,18]. The high ratio of the 
ion saturation current on opposite sides of the probe (Fig. 4) 
indicates a flow towards the divertor in the outer region of the 
SOL and the low ratio implies a reverse flow closer to the 
separatrix, consistent with high recycling conditions there. 
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It is soiietimes argued that the local recycling in the divertor 
enables the main plasma to be screened from impurities, but this 
flow out of a divertor will tend to degrade this screening 
effect. 

4. CONCLUSION 

Although many uncertainties remain, it appears that the main 
mechanisms describing the SOL parameters in relation to the main 
plasma parameters can be identified and have been modelled 
analytically with a fair degree of success. In limiter 
discharges the impurity influx of carbon has been calculated 
from a sputtering model using measured SOL parameters. It is in 
good agreement with spectroscopic measurements at higher 
densities, but shows a deviation at the low densities. The 
equivalent impurity influx calculation in diverted discharges is 
not yet possible. The non steady state of the additionally 
heated discharges makes them less accessible to accurate 
modelling. However, the trends can be recognised by taking the 
observed density rise and the increased power conducted to the 
SOL and referring to the experimental scaling of the limiter 
discharges. To obtain the lowest possible carbon impurity 
concentration in JET, discharges have to be operated at the 
highest possible density at any given level of input power. 
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IAEA-CN-50/A-7-2 

SAWTOOTH ACTIVITY AND CURRENT DENSITY PROFILES 
IN JET 

Abstract 

Extensive investigations of sawtooth activity in JET have led to a major 
revision of our understanding of sawteeth and to further theoretical 
developments. In addition, experiments with powerful auxiliary heating 
have revealed a new plasma regime in which sawteeth are stabilized and 
quiescent plasmas are achieved for periods of over 3s. Measurements of 
current density profiles using a far—infrared multichannel Polarimeter show 
that the central safety factor q0 may be below unity in normal sawtoothing 
plasmas and may reach values as low as 0.6—0.8 during the stable periods. 
Analysis of pellet ablation and of density perturbations at rational q 
surfaces ('snakes') yields further information on the evolution of the 
q—profile during sawteeth. These results have significant implications for 
theories of the sawtooth instability and for explanations of the sawtooth 
stabilization. 

1. Introduction 

In many tokamak plasmas, the sawtooth instability plays a primary role in 
determining heating and confinement in the plasma centre. In the 
near-ignition regime, now being explored by large tokamak experiments, 
sawteeth may cause a substantial reduction of the fusion reactivity and a 
spatial redistribution of fusion products. Considerable attention is, 
therefore, focussed on the understanding of the instability mechanism and 
the investigation of possible stabilization techniques. 

Previous studies on JET [1,2] have shown that there are considerable 
discrepancies between conventional models of the instability and 
experimental observations. In addition, measurements of the central value 
of the safety factor q0 in TEXTOR [3] and observations of the 'snake' in 
JET [4] suggest that the instability does not involve complete reconnection 
of the plasma centre. More detailed investigations of sawtooth activity in 
JET, which are discussed here, together with an analysis of the current and 
safety factor profiles, confirm the need for a careful reappraisal of sawtooth 
theory. 

2. Sawtooth Activity 

Sawtooth activity in JET exhibits considerable complexity, with the 
sawtooth rise phase often interrupted by one or more subordinate 
relaxations and substantial associated mhd activity. In addition, during 
some high—power additional heating experiments (with ICRH and/or 
NBI), bursts of activity resembling 'fishbones' [5] are observed. Figure 1 
shows a sawtooth cycle from a JET plasma with additional heating 
(Ip = 5 ΜΑ, Βφ = 3.15 Τ, P ^ p = 2 MW). Four major commonly 
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Figure 1: Behaviour of the electron temperature at two radii 
dunng a sawtooth cycle in a JET discharge with auxiliary 
heating. Major commonly observed phenomena are indicated. 

observed phenomena are illustrated : a full sawtooth collapse, a 'slow' 
partial collapse, a 'fast' partial collapse, and 'fishbone—like' bursts. 

Detailed studies of the sawtooth collapse [6] have shown that it occurs in 
two main phases: the sudden appearance of a rapidly growing m=n=l 
displacement of the plasma core is followed by a rapid redistribution of 
energy, resulting in a flattening of the central temperature profile on a 
timescale of ΙΟΟμβ. This picture of the collapse, obtained by soft X-ray 
tomography, is supported by reconstructions of successor oscillations using 
ECE measurements (the former employs measurements from two 
perpendicular cameras, the latter exploits the plasma rotation to 
reconstruct two—dimensional images from measurements along a single line 
of sight through the plasma). Figure 2 compares reconstructions of 
successor oscillations of the same collapse by the two techniques. Although 
the ECE reconstructions have lower time resolution, they are in agreement 
with the soft X-ray results. More detailed analysis confirms the conclusion 
[1,2] that the collapse resembles a broad convective flow rather than a 
resistive reconnection in a narrow layer. 
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Figure 2: Reconstructions of successor oscillations after a full 
sawtooth collapse using electron cyclotron emission (ECE) and 
soft X-ray tomography (SXR). The bar on the time axis 
indicates the interval over which ECE measurements are used to 
reconstruct the contour plot. The SXR contour plot is a 
'snapshot' at one instant dunng this period. 

Certain subordinate relaxations ('fast' partial sawteeth) share some aspects 
of the full sawtooth collapse: they occur on a rapid timescale and are 
accompanied by large successor oscillations. However, there are important 
differences. Whereas the full collapse leads to a convective flow of the hot 
plasma centre and the formation of a cold bubble in the plasma core, soft 
X-ray tomography and fast ECE temperature measurements reveal that 
these subordinate relaxations generate a m=n=l helical structure which 
resembles the conventional picture of a magnetic island [7]. This structure 
evolves to form a poloidally symmetric flattened region around the 
sawtooth inversion radius, rather than engulfing the plasma core as in the 
classic theory of the sawtooth instability. ECE reconstructions of the 
successor oscillations of such a collapse are shown in Fig 3. 
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plots were reconstructed. 
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3. Sawtooth Stabilization 

During auxiliary heating experiments, sawtooth activity usually dominates 
the evolution of the plasma core, limiting central plasma parameters and 
modulating the central electron temperature by up to 50% 
(Te(max)/Te(min) - 2). However, under certain conditions, the plasma 
undergoes a transition to a regime in which sawteeth are suppressed [8]. 
This has been observed in limiter plasmas with currents of up to 5 MA 
during periods of ICRF or ICRF + NBI heating, and recently it has also 
been obtained in 3 MA H—mode plasmas with NBI heating. In the former 
case, the quiescent period has been extended to 3.2s (-7 energy 
replacement times), as shown in Fig 4 (Ip = 3 MA, B^=3.15T). The 
benefits of the regime include a small increase in energy confinement, by 
up to 20%, but it appears that the major advantage of sawtooth 
stabilization in near—ignition plasmas will be an increase in the fusion 
power product due to peaking of the density and temperature profiles. This 
may be further enhanced by the reactions of non—thermal particles 
accelerated by RF fields. 

#15697 

Figure 4-' Behaviour of the central electron and ion temperatures 
during the longest period of sawtooth stabilization observed. 

The stable regime is terminated by a normal m=n=l instability, but the 
collapse has an inversion radius which may be up to 50% larger than for 
normal sawteeth. During the stable period, Faraday rotation measurements 
of the q—profile (see below) indicate that q0 falls substantially below unity. 
Thus, stabilization is probably not due to non-inductive currents raising q 
above 1, but may be caused by the fast particles accelerated by the RF 
fields or injected by neutral beams [9]. 

4. Measurement of Current and Safety Factor Profiles 

Recently, measurements of the current density profile have been obtained 
using a six—channel Polarimeter to determine the Faraday rotation of 
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Figure 5: (i) Behaviour of the central electron temperature 
during a period of sawtooth stabilization, (ii) Evolution of the 
central value of the safety factor q0 as deduced from Faraday 
rotation measurements (polarimetry), and calculations of the 
resistive diffusion of current (TRANSP) under two different 
assumptions (see text). Safety factor (Hi) and current density 
profiles (iv), derived from Faraday rotation measurements, are 
shown just before the termination of the stable period (arrowed). 
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far—infrared (195 μχα.) radiation [10]. It is found that during normal 
sawteeth, in both ohmic and additionally heated plasmas, q0 attains values 
- 0.8 (± 15%). Furthermore, measurements of the q—profile during stable 
periods show that q0 may reach values as low as 0.6 [10]. These results are 
supported, within experimental uncertainties, by calculations of the 
resistive diffusion of the current (using TRANSP [11]) and by equilibrium 
analysis of external magnetic measurements (using IDENTC). Figure 5a 
shows the evolution of q0 during a period of sawtooth stabilization 
(Ip = 3.3 MA, B ^ = 2.7 T, P R J = 10 MW), as determined by polarimetry 
and by TRANSP. Two cases are shown for the latter method. The first (a) 
assumes that q0 is reset to 1 after each sawtooth collapse and the second 
(b) does not. Nevertheless, q0 attains approximately the same value in 
both cases. Current density and q—profiles -300 ms before the collapse 
terminating the stable period are also shown. Note that the error bar in the 
polarimetry analysis includes some systematic effects (due, for example, to 
misalignment relative to the toroidal field and to plasma birefringence) 
whose magnitude has been estimated but not yet directly measured. 

Experiments with injected pellets have revealed that a very localized 
density perturbation with m=n=l topology (the 'snake') can persist for 
periods of up to 2s following pellet injection [4]. The geometry of the 
structure indicates that it is located at the q=l surface, which, at the time 
of the sawtooth collapse, appears to lie very close to the sawtooth inversion 
radius. In addition, the location of the perturbation undergoes a 
substantial shift in minor radius (ΔΓ/Γ - 30%) during a sawtooth period, 
from which it is inferred that the position of the q=l surface undergoes a 
similar shift. This suggests, in contrast to the Faraday rotation 
measurements, the existence of a very flat region in the central q—profile 
(since resistive diffusion can change q in the plasma centre by only a few 
percent during the sawtooth ramp phase). On this basis, a parabolic 
q—profile would yield a value for qo of 0.97. 

Analysis of pellet ablation measurements [12] leads to a similar result. 
During pellet injection, a substantial fall in H a and soft X—ray emission is 
observed as the pellet crosses the q=l surface . This fall can be explained if 
it is assumed that on rational q surfaces the reservoir of electrons capable 
of interacting with and ablating the pellet is much lower than on 
non—rational q surfaces. This requires that the q=l surface lies in a region 
of small shear and, in fact, leads to an estimate of the shear in the vicinity 
of the q=l surface. The method yields (dq/dr)q= i = 5χ10"2 m -1 which, for 
a parabolic profile, implies q0 - 0.99. 

5. Discussion 

In spite of substantial agreement between some of our observations of the 
sawtooth collapse and the predictions of the quasi—interchange model [2], 
several aspects of the JET results are not explicable in terms of any 
existing theory. In particular, it is found that the rate of increase of the 
instability growth rate is much too rapid. In addition, the mechanism for 
the rapid redistribution of energy which accompanies the collapse is not 
understood, although this may involve higher order ideal modes or 
small—scale turbulence. 
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The q—profile is a key parameter, and we have investigated its behaviour 
by a number of different techniques. Faraday rotation measurements show 
that % is most probably below 1 in normal sawtoothing discharges, but, at 
present, experimental errors do not allow the possibility that q0 ~ 1 to be 
excluded. While observations of pelleMnduced perturbations suggest 
values of q0 close to unity, these measurements are consistent with a 
q-profile having a region of low shear in the vicinity of the q=l surface 
and a central value of q below 1. No direct comparison of these techniques 
under identical conditions has been possible to date, so an analysis of the 
consistency of the various methods must await further experiments. In 
addition, more detailed resistive diffusion calculations will allow the limits 
imposed by experimental uncertainties to be more fully explored. 

The observation that a q=l surface exists throughout the sawtooth cycle 
conflicts with the assumption that |1 — q0 | - 10~2, with q everywhere 
above 1, underlying the explanation of the sawtooth collapse in JET as a 
quasi—interchange mode. In addition, significant new problems are raised 
by the observation that sawteeth may be stabilized with q0 well below 
unity. Complete understanding of this phenomenon requires an adequate 
model of the sawtooth instability. A re-evaluation of resistive theory 
including diamagnetic and trapped particle effects is, therefore, underway 
[13]. A central aspect of this analysis is that the sawtooth collapse leads to 
relaxation of the shear at the q=l surface rather than a reconnection to 
q=l in the plasma centre. 
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GLOBAL POWER BALANCE AND LOCAL HEAT TRANSPORT IN JET 

ABSTRACT 
Global energy confinement analysis shows that both off-set 

linear and power law dependences of energy content versus input 
power can represent JET data. Results of the analysis are 
presented for the bulk and for selected subsets of data. Studies 
of local energy fluxes with both interpretive and predictive 
transport codes show that local transport models implying profile 
resilience, and in particular a "critical gradient" model, lead to 
satisfactory description of JET results in most regimes. The 
limitations of these, as well as of other plasma transport models 
used to simulate JET discharges, are pointed out. 

1. INTRODUCTION 

Several lines are followed at JET to study the crucial issue of 
energy confinement. Global energy confinement studies are carried 
out on data collected in the JET transport data base. This data 
base contains information for most JET discharges, referring to a 
wide range of operating conditions [1]. Analysis based on the bulk 
of the collected data, and on selected data corresponding to 
similar operating conditions have been carried out. Results are 
given in Section 2. 

A deeper understanding of the mechanisms of energy confinement 
is sought by means of local transport analysis using interpretive 
transport codes (ITC). These studies are performed at various 
levels of generality and complexity, with different codes. We 
report in Section 3 results of a study of the local heat flux q = 
qe + q· for ICRF heated discharges with long sawtooth-free periods 
("monster" sawteeth). In the same Section we shall report on the 
analysis of local electron and ion heat fluxes q and q· for a wide 
range of plasma regimes. 

Predictive transport codes (PTC) have been extensively used at 
JET to test models for q and q·. Two kinds of PTC have been 
developed and used: simplified 1-D steady state and complete, time-
dependent lM-D (i.e. transport equations coupled to the mhd 
equilibrium equation). The steady state approach allows quick 
checks of models on a wide range of discharges. More demanding 
tests in time-dependent situations are carried out with complete 
PTC's for a subset of representative discharges. Results of 
simulations with PTC are reported in Section A. 

2. ANALYSIS OF GLOBAL ENERGY CONFINEMENT 

JET has extended the parameter range for confinement scaling 
studies further than other devices in many directions [1-5], yet 
important questions remain open. The first is whether the 
dependence of plasma energy content W on total power input Pfn1- is 
better approximated by a power law: 
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dt 
or by an offset linear law: 

W = g (Ptot  4 ^ ) α
, et « 0.5 (1) 

W = Wo + τ· ( P ^  ^.). (2) 
inc

ν tot dt 
Here g, W° and the incremental confinement time Ti n c are assumed to 
be represented by power laws of relevant global plasma quantities 
such as plasma current I , toroidal magnetic field B™, line 
(volume) average density ñ (<n>), major radius R, minor radius a, 
plasma elongation Κ = b/a, etc. 

Both assumptions (1) and (2) lead to scaling laws for W, or for 
the energy replacement time tE = W/(Ptot  dW/dt), with a similar 
goodness of fit to the available data. The best scaling laws 
represent the bulk of the experimental values of TE or W with a 
rather large "dispersion" (¿ ± 30%). This is mainly due to the 
effect of various mechanisms that, in addition to local thermal 
transport, contribute to the determination of τ^ (e.g. sawtooth 
activity at low (̂  3) boundary values of the safety factor q^, 
different power deposition and radiation profiles etc.). These 
mechanisms play a different role in different operating 
conditions. 

Among the scaling laws derived in the form (1), the Goldston 
scaling [6] is in reasonable agreement with JET Lmode data (Fig. 
la). An exception is provided by small bore plasmas [5]. JET 
Ηmode data can be well represented by assuming tE = 2xg (Goldston) 
[3], However, no clear dependence on the atomic mass of the main 
plasma ions is apparent from the analysis of JET global data. 

The RebutLallia scaling [7] is of type (2) and represents both 
ohmic and Lmode discharges. Figure lb has been obtained with this 
scaling. 

It must be noticed that the scaling with the geometrical para
meters, which is different in the Goldston and RebutLallia laws, 
remains an open question and that the dependence of τ· on plasma 
current is being revised (see below). 

An improvement in this kind of study is achieved by carrying out 
the global energy confinement analysis of selected subsets of 
discharges, referring to similar operating conditions. As an 
example, the scaling law (2) has recently been investigated for a 
set of ICRH power scans in the 15 MA current range [8], accounting 
for heating efficiency [9] and the effect of sawteeth. 

For a series of "monster" sawtooth discharges, it is fnund that 
T
inc i n c r e a s e s less than linearly with current (X4nc

 x Ip ), while 
it saturates or even decreases for I > 3.5 MA, when sawtooth 
stabilisation is not obtained and sawtooth activity plays a role on 
a wide region. 
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Fig. 1: ex Observed confinement time τ^Λ versus the one predicted, by 
the Goldston scaling (Fig. la) and the RebutLallia scaling (Fig. 
lb). Data refer to the bulk of 1988 discharges with Ptot ¿1.1 P0H, 
excluding Hmodes. 

3. LOCAL ENERGY TRANSPORT ANALYSIS BY MEANS OF INTERPRETIVE 
TRANSPORT CODES 

Analysis of Total Heat Flux 

Plasma energy transport has been studied for a series of 110— 
ICRF heated discharges with "monsters" by means of an ITC 
evaluating the total energy flux through electron and ion channels. 
Power scans at I = BŢ= 2, 2.5, 3, 3.5 (ΜΑ,Τ) have been considered. 
For each scan the ICRH power varies from 2 to IA MW. Data from 
these discharges have been selected at times during sawtoothfree 
periods subject to the criterion 0 < gţ/Pto1 < O.A. The total 
local heat flux q is modelled at various radii, χ = 1/2, 2/3, 3/4, 
χ being a normalised radial coordinate, by assuming [9,10]: 

q =  η x<VTe> (3) 

Here 
heat di 
data de 
data us 
Only da 
to loca 
any app 
radius 
X = 7.5 

represents a nondiffusive "heat pinch"; χ is a "total" 
ffusivity and <VTe> is the flux surface average of VTe. The 
rived for the study of (3) show less scatter than the NBI 
ed in [10]. Figures 2a and 2b are plots of q versus n<VTe>. 
ta for 2 and 3.5MA pulses are shown: Figure 2a corresponds 
1 values at the halfradius and yields χ = 2m2/sec without 
reciable dependence upon current. Figure 2b showing 3/4 
data reveals, on the other hand, a current dependence 
/I(MA) mVsec. This result is confirmed by nonlinear 
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Fig. 2: Total heat flux q (KW/ra2) versus ne<VTe> (KJ/ra*) for 
"monster" cases at 2MA (open circles) and 3.5MA (crosses). Figure 
2a refers to χ = %, Fig. 2b to χ = 3/4. 

regression analysis and is consistent with the result on T¿nc for 
ICRF discharges mentioned at the end of Section 2. Further 
analysis is required to relate it to local theoretical expressions 
of electron and ion thermal fluxes. 

Separate Electron and Ion Energy Balances 

Analyses of this type have been carried out with the JICS and 
TRANSP codes, which may separate q and q either by modelling q· 
or by using the available experimental T· profiles [11]. JICS may 
also evaluate local qe and q̂  predicted by several theoretical and 
empirical models for comparison with the "measured" heat fluxes. 

A wide range of plasma regimes is being studied: sawtoothing 
Lmode discharges with ICRH, NBI and combined heating; discharges 
with ICRH offaxis heating; discharges with "monster" sawteeth; 
Ηmode cases; experiments at I = 3MA with pellet injection. 

One general result is that energy transport is anomalous, and 
with a similar spatial dependence for both electron and ions. This 
result is confirmed by the timedependent TRANSP code runs for 
Ηmode and hotion mode discharges [3,5]. In these cases values of 
χ^ as high as 2χθ have been found. 

Another result is that in the "monster" sawtooth regime no 
significant improvement of the central energy confinement is 
observed. 

Interesting is the analysis of discharges with pellet injection 
where a novel, transient JET plasma regime is observed when strong 
additional heating is applied towards the end of the current rise 
[4]. Strongly peaked sawtoothfree profiles of Te and T· are 
established, with Teo and T^Q higher than in comparable "monster" 
cases. Temperature peaking correlates with density peaking. A 
sharp variation of VTe, VT^ (when available) and Vne is observed at 
a radius χ = 0.5 (Fig. 3). 

Transport analysis shows that the local energy confinement 
improves for χ < χ (leading to a 2030% improvement in the global 
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value of Tg): both electron and ion thermal conductivity are 
reduced by a factor 23 for χ < χ . 

It is tempting to relate the observed regime to the suppression 
of the socalled ηmode, as a consequence of density peaking. The 
value of η^ is uncertain but, in cases where T· profiles have been 
measured, they are similar to those of Te; thus the evaluation of 
qe is likely to be a reliable estimate of η^, under reasonable 
assumptions on the profile of n·. All estimates of η and η^ show 
that they reach very low values (< 0.5) just after pellet 
injection, increasing gradually in time to values in excess of 3 in 
the region χ < x^ before the end of the good confinement phase 
(Fig. 3). This may indicate that η^ exceeds the predicted 
threshold limit η· without noticeable change in energy transport, 
or that η^ is larger than 1.5, a value usually assumed. Notice 
that pe >> 3 for χ > x^ in these experiments and through almost the 
entire plasma crosssection for most JET discharges without 
pellets. 

3.4 3.6 
Radius (ra 

3.4 3.6 3.8 
Radius(m) 

Fig. 3; a) Experimental profiles of Te, T¿ and ne for a pellet shot 
(17279). Superscript 1 refers to the phase of enhanced confinement 
(ti= 44.6), superscript 2 to the following "normal" phase (t2= 45). 
Te is from ECE, n* from Abel inversion of interferometer data; T| 
and n| are from Lidar (not available for phase 1); T* and T* from 
charge exchange spectroscopy, b) "Experimental" thermal 
conductivity χ = χ + (n^ VT/ne VT ) χ^ and values of ηθ and n^ at 
R = 3.4, t = ti ana t3. Similar values of pe and η^ are obtained 
from Lidar data during phase 1 of other discharges. The neo
classical (ChangHinton) value of χ^ at tx is given for comparison. 

Other observations yet to be explained are: the strong reduction 
of electron energy transport; the fact that sufficiently vigorous 
central heating is required to produce the increase in VTeand VT^, 
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not observed so far with NBI alone; the mhd events at the end of 
the enhanced confinement phase; the correlation, observed so far, 
with the evolution of the current density profile [4]. 

Comparison of "Experimental" and Theoretical Heat Fluxes 

A number of models for local energy transport available in the 
literature (see [7,12] and the references quoted in [13]) has been 
compared with experimentally determined heat fluxes, in a series of 
ohmic, sawtoothing Lmode and "monster" discharges. 

Local agreement within a factor of 2 between modelled and 
measured heat flux is accepted as fairly good, keeping in mind the 
uncertainties in "experimental" fluxes and the strong nonlinearity 
(e.g. local dependence of xe on VTe) of most theoretical models. 

Our results indicate that in the region outside q̂  = 1, where 
meaningful comparisons are possible, the resistive mhd model (PT 
model) [12] and the RebutLallia (RL) model [7] predict energy 
fluxes in fair agreement with the observed ones. For the RL model, 
the discrepancy increases when VTe approaches the local critical 
gradient V_T (typically, near the plasma edge), suggesting that the 
transition to low transport below V„T might have to be smooth 
rather than sudden. In the same region, pure drift wave models 
fail to reproduce radial dependence and magnitude of the measured 
fluxes [13,14]. The microinstabilityprofile consistency model of 
Tang [13,15], rescaled by a factor 2 is in agreement with JET 
data. 

4. SIMULATION OF JET RESULTS WITH PREDICTIVE TRANSPORT CODES 

We shall present results obtained with the two transport models 
proposed at JET with reference to results from other models. The 
RL model [7,12] produces confinement degradation when VTe exceeds a 
critical gradient. In the PT model [12,16] confinement degradation 
is due to the nonlinear dependence of the heat fluxes on the 
pressure gradient. In both models χ· = χ is assumed. 

Uncertainties (± 40%) remain in the values of the numerical 
constant in the expressions of xe [7,12], determined empirically 
and kept fixed for all simulations. Notice that the corresponding 
variations of the values of χθ, χ^ and τ g are lower (= ± 20%), as a 
result of the nonlinear dependence of the models on gradients of 
the temperature profiles. 

Results of Computer Simulations 

Satisfactory results with both models have been obtained when 
simulating ohmic discharges, Lmode discharges, "monster" sawteeth 
and ICRH offaxis heating cases. They produce resilient Te 
profiles in agreement with experiments, without needing ad hoc 
modifications, as is the case for models based on drift wave 
microinstabilities. The time evolution of global quantities and 
temperature profiles following any modification of the input power 
is computed correctly by these models. On the other hand, the 
"profile consistency" (PC) model in [14] causes a delayed plasma 
response especially when power is suddenly switched off. Such a 
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delay is due to the dependence χ <* J ρ x dx in the PC model, 
Ρ t being the net power input profile to the electrons. It is 
expected that other PCrelated models involving a similar 
dependence of χ (and possibly χ·) on the power deposition [15], 
will exhibit similar shortcomings, while being satisfactory for 
quasisteadystate conditions. 

The main uncertainties with both RL and PT models refer to the 
plasma core, and show up when attempting to simulate the central 
temperature evolution during sawteeth, including "monsters". It is 
difficult, however, to establish whether these uncertainties 
reflect an intrinsic deficiency of the models or are related to an 
inadequate evaluation of quantities such as local shear, non
thermal component of Vp, local power deposition. Similar problems 
appear with most theoretical transport models [13]. 

As a more demanding test for the models, we performed complete 
simulations of Ηmode discharges at I = 2,3 and 4 MA, starting from 
the ohmic phase. Notice that JET Ηmodes are nonstationary. The 
time evolution of η has been input from the experimental data 
base, while the formation of an edge thermal barrier during the 
Ηmode has been simulated by transiently increasing the boundary 
temperatures Tea, in agreement with a systematic trend in 
measurements (a possible model of the edge thermal barrier 
consistent with the RL model is given in [17]). The adopted models 
determine the time evolution of the bulk plasma. In these cases 
(Fig. 4) the critical gradient model seems to perform better than 
the PT one. 
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52 54.8 0.5 
Fig. A: Results of the simulation of an Ηmode discharge at AMA. 
Fig. 4a: time evolution of energy content from models (PT , RL 
...) and measurements (magnetic , diamagnetic ); Fig. Ab: 
Τ profiles at the beginning of the Ηmode, t = 53.5 (PT , RL 

, ECE, ) 

The equivalent thermal conductivity of the RL model in the 
plasma bulk is, during the Hmode, close to its ohmic value. The 
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somewhat high values of T· obtained with χ· = χ may indicate that 
χ̂ > xe, consistent with TRANSP analysis [3]. The model predicts 
degradation with increasing power, as experimentally observed, by 
the same mechanism as in the L-mode. 

No improved confinement in the core region, when density and 
temperature profiles are peaked in the first phase of ICRF heating 
following pellet injection, is predicted by RL and PT models in 
their present formulation. An ad hoc reduction of χθ and χ^ by a 
factor = 2.5 in the region χ < x^ is required for reasonably good 
simulations, in agreement with JTCS analysis. 

PTC simulations show, consistently with ITC results, that the 
assumption χ· = α χ with α = 1 [18] , does allow a proper 
simulation of the relevant quantities, e.g. total energy content 
W, T^0 and the available T^ profiles. This remains true (with 
reduced χ ) even for the pellet experiments with good central 
confinement. The uncertainty on α is large (a = 0.5-2). The good 
performance of models with χ· = α χ should simply be considered as 
a statement that χ^ is anomalous, with a radial dependence similar 
to that of xe (possibly introducing the same kind of profile 
resilience) and different from the neoclassical one. 

6. CONCLUSIONS 

Global energy confinement analysis shows that scaling laws such 
as the Rebut-Lallia or the Goldston one allow a fair representation 
of JET L-mode results: the question of the dependence of W on P+-0t 
remains open. Η-mode data roughly fit a "2 χ L-mode" scaling. 

The analysis of ICRH discharges shows an incremental confinement 
time saturating at the highest currents in JET (I ^ 5MA) as an 
effect of sawtooth activity, and increasing less than linearly with 
current in the absence of sawteeth. Local analysis is consistent 
with these results. 

Existing transport models fail to reproduce all plasma regimes 
found in JET. However, models that imply profile resilience and 
assume χ· = χθ perform better than others. In particular the 
"critical gradient" model, although it needs to be improved or 
completed with other mechanisms in the plasma core, (as shown by 
the unpredicted temporary improvement of confinement in pellet 
injection cases followed by ICRF), leads to a satisfactory 
simulation of most JET regimes and can be considered a useful basis 
for prediction of tokamak performance. 
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IAEACN50/D46 

THEORY OF SAWTOOTH STABILISATION IN THE PRESENCE OF ENERGETIC IONS 

ABSTRACT 

Energetic particles affect the stability of internal kink 
modes and can lead to plasma regimes where both sawtooth and 
fishbone oscillations are suppressed. This effect was recognised 
soon after the JET experiment achieved sawtooth free periods which 
we attributed to the energetic, mostly trapped, ions produced by 
intense additional heating. The isotropic fusion reaction products 
in an igniting plasma will have a similar effect, leading to an 
increase of the allowed values of β with the rate of fusion 
heating. 

1. INTRODUCTION 

In JET experiments with ICRH and/or NBI heating, sawtooth 
oscillations have been suppressed for periods up to several seconds 
[1]. In these regimes poloidal betas Β,, often in excess of the 

mVin Ρ 
ideal mhd threshold β̂  for the excitation of internal kink modes 
have been attained, while the q parameter at the magnetic axis, 
q(o), has been measured to be significantly below unity. In [2] 
this improved stability has been attributed to the presence of 
energetic ions with magnetically trapped orbits and mean energies 
such that their bounce averaged VB + curvature drift frequency ¡ϋην 
exceeds the bulk ion diamagnetic frequency IDJ·. The stability 
threshold increases for moderate energetic ion poloidal betas β ν 
up to a limiting value as high as three to four times β™1 . The 
corresponding ratio between the energy content of the energetic and 
of the bulk ions within the q = 1 surface is in the range of 1/20 
to 1/3. The stability criterion is more favourable for energetic 
ion pressure profiles which are well peaked within the q = 1 
surface, as is typical of the minority ions accelerated by ion 
cyclotron heating on axis. 

These results extend to the isotropic fusion products in an 
igniting plasma. Although an efficiency factor of order e^ is lost 
(the trapped to circulating particle ratio), where e = r /R with 
q(rQ) = 1, β . can now be as large as βρ/2, so that values of β in 
excess of β™1 can be attained without exciting global mhd 
instabilities affecting the igniting part of the plasma columns. 
For a DT plasma the largest stable value of β that can be reached 
is given approximately by 
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β =0.5 [n/10"cm»]i" [l + (ßP } ] (1) 
p.max (9ro/Ro)(ro/50cra)i" (B/10T) 2

ß£,max 

Accordingly, ignition experiments could be designed with smaller 
poloidal fields, or alternatively Β could be reduced after 
ignition conditions are reached. Under certain circumstances, 
fishbone oscillations with frequency w "\· UIJ [3] can be excited for 
values of β ̂  just below the stabilisation threshold. However, if 
ω
άΐ

 << ^Dh' ̂ Θ induced resonant scattering would affect only the 
sloweddown ions, leaving the energy balance practically unaltered. 
The excitation of fishbone oscillations with ω ̂  ¡Drĵ  [A] is found 
to require values of β ̂  which are too high to be of interest for 
the currently proposed ignition scenarios. 

Finally, resistive internal kink modes are predicted to be 
stable, provided wdi/uA >> ei'3, where uiA = vA//3 RQ is the Alfvén 
frequency and e = ηε2/(4π r¿ ω Λ) is the inverse magnetic Reynolds' 
number. 

2. DISPERSION RELATION 

•In the high β regimes of interest, neglecting at first 
resistivity, m = 1 modes are described by the dispersion relation 
[3] 

[ω(ω  üidi)]^ = ϊ[λΗ + λκ(ω)]ωΑ. (2) 

Here λ^, which is proportional to the negative of the mhd energy 
functional ÔW, is the standard driving term arising from the bulk 
plasma, λ^(ω) is the energetic particle contribution, UJ· = 
[c(dp̂ /dr)/en Β r)]r and r is the mean radius. We adopt the 
simplified model λΗ =°(3π/2)ε0[β|  (β^ά

)»]. where βρ = [8ir/B»(r0)] 
[<p>r  P(r0)]. The threshold ß?hd \ 0.1 * 0.3 depends on the 

r
o Ρ 

pressure and q profiles and on magnetic shaping. For λττ(ω) we 
have [ 3] 

λκ(ω) = 
 2ïïi ;r

° drr' ƒ*" dø [e(| χ K'V(pj_ + p(|)] (3) 
po

 s
o °

 π 

where sQ = rQ q' (rQ) , e,, = Β/Β, jc = (eii»V)eii and p| and p., are the 
(normalised) perturbed components of the pressure tensor of the 
energetic ions obtained from Vlasov equation. 
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3. STABILITY DOMAIN IN ICRH HEATED PLASMAS 

The functional λ^(ω) depends on the spatial and velocity-
distribution of the energetic ions. In Fig. la we show Re λ^(ω) 
and Ira λτ,(ω) for ICRH heated minority ions assuming typical JET 
parameters. The dependence of the distribution function f on the 
energy e and on the pitch angle Λ is modelled as a sum of an 
isotropic component f = η (m·/π e ) 3

'
2 exp(- 2e/e ) , describing 

the ions in the range of the critical energy e , and of a tail 
component fmt = 1.6G (p|/et) (rai/2et)i'» (eQ»'VA) (e/et)i'a 
exp(- [1 + (Λ - Λ0)2/A2Ţ(e/et)), describing anisotropic ions, 
accelerated to energies of order €+->> e . In the limit Δ << r/R , 
the perpendicular pressure P| = 3ntet/2, G = (r/rQ)1'2 and f 
reduces to the single pitch angle distribution of Ref. [2]. The 
parameter β ̂  is defined as β ̂  = - [8n/B2(rQ)] ƒ„ dx x3'1 

d(Gp|)/dx, with χ = r/r . Re λτ,τ(υ) changes sign for w/üw = 3, 
with UJQ^ evaluated at r = rQ for deeply trapped ions with e = et, 
showing that the non resonant response of the energetic ions is 
negative, and thus stabilising, for modes with frequency below 
their characteristic dynamical frequency. For ω << ¡¡¡ηη> ̂ e λχτ(ω) 
consists of a linear term [2] plus a constant Re λ^(ο) proportional 
to [q(o)  1] [5]. The isotropic component contributes appreciably 
only to Im Xjr(w) at low frequencies. 

For \jr Ξ 0, Eq. (1) gives a pair of modes, one unstable and 
the other stable, which become purely oscillatory for λ™ < UJ·/ 
2ωΑ), i.e. for β2 < β ^

2 = ß ^ d 2 + ω^/(3π e» u»A) (FLR 
stabilisation of the bulk ions) with frequencies approaching 
asymptotically zero and w¿¿. The lower frequency mode, which turns 
out to be destabilised by the resistivity, is associated with the 
branch leading to the crash phase of sawtooth oscillations. The 
higher frequency mode is at first destabilised by the energetic 
ions. The dashed line in Fig. lb corresponds to the marginal 
stability condition when only Re Xg(u) is included in (1) and 
separates the domain (above) where almost purely growing internal 
modes occur, from the domain (below) where the mode is destabilised 
by resonant interaction with the energetic ions represented by Im 
λ^ (fishbone oscillations [3]). The dashed line is interrupted at 
larger β ̂  where Im λ^ ̂  Re X,,. As β · is increased, the high 
frequency mode is stabilised by the nonresonant response of the 
energetic ions until, for β h = 2.5 (s0/e0)u¡Dn/iüA, it reverts to 
instability with frequency in the range of ωΠη. The stable domain 
lies below the solid line defined by Xj, + Re λκ = 0. At small β · , 
the stability threshold can be expressed as 
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ß, = (ßmhd)2 + 0.3 JÎEÎL. [̂ i + c ( 1 _ q((j))] (A) 
P P s

o
 e
o
 w

Dh 
where C depends sensitively on the profiles of q and of the 
energetic ion pressure. For the parameters of Fig. 1, C = 2.2. 

Electron resistivity affects the stability of the modes in the 
low frequency range, ui ζ u¿¿. Its effect can be included in (2) 
through the simple collisional model used in Ref. [3]. At small 
ß p h a region appears, shaded in Fig. lb for the relevant 
resistivity parameter Ω Ξ udi/(uA s2'3 e*'3) equal to 4.5, where 
both fishbones and resistive kink modes are unstable. The latter 
modes would extend to higher values of β < and destabilise the 
domain at small values of β . However, ror Ω > 2, the growth rate 
in this region is small and easily overcome by the effect of the 
bulk ion viscosity [6] which also reduces the extent of the shaded 
region. For Ω ( 2 on the other hand, the full domain below the 
solid line becomes resistively unstable. This may represent a 
difficulty in the case of JET, as the values of Ω we estimate can, 
at best, satisfy the stability criterion against resistive kinks 
marginally. It is therefore desirable to extend the analysis 
taking full account of kinetic effects in the appropriate 
collisionality regime. 

A. STABILITY IN AN IGNITED PLASMA 

The response λ^ of the fusion alpha particles in a DT plasma 
is shown in Fig. 2a. We have taken fa = (3/4π)(m/2)(pa/ea)(e3'2 + 
e

3
'

2
)

 1 0(ea  e), where ea = 3.5Mev, Θ(εα  e) gives the energy 
cut off; β =  [8ΤΤ/Β2

(Γ0)] ƒ J dx x3'2 dpQ/dx and ¡¡JDa is evaluated 
for deeply trapped alphas, at the mean energy ea/£n[l +(ea/ec)3'2]. 
Re Xjr is stabilising for ω/ΰηα ^ 2 and is dominated at small ω by a 
constant negative term. This amounts to an effective reduction of 
λ^, independent of ω for ω << Wna» which makes the stability 
threshold largely independent on ω ^ in contrast to the anisotropic 
case. The stability domain is shown in Fig. 2b. The loss of the 
efficiency factor e¿'2 is apparent by comparing the horizontal 
scales of Figs, lb and 2b. The values of β in the shaded area 
are unrealistically large. The ratio β /β depends on the central 
temperature (times a profile factor) ana, typically, ßD0,/ßD £0.5 
for Τ ζ 25keV. The stable range of β increases with β up to the 
value 

PD max = (
Ρϋ*

α)2 + °· 2 ^  U  ! · 5 ^ (
5
) 

P
'
 P e

o A »Da 
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If a plasma approaches ignition conditions with ß* m h d > β > $Ρ^ά, 
in entering the stable domain, it must pass a transient phase, 
corresponding to the region between the dashed and the solid lines 
in Fig. 2b, where fishbone oscillations in the UJ· frequency range 
are excited. The crossing of this region should not affect the 
ignition energy balance significantly [7] since the resonantly 
scattered αparticles have already deposited most of their energy. 
Finally, resistive effects can be disregarded as large values of 
UJ
di

/
'^

e;
n'

3 ω
Α^

 Œ Τ3
'
2 are expected. 
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THE CRITICAL TEMPERATURE GRADIENT MODEL OF PLASMA TRANSPORT: 
APPLICATIONS TO JET AND FUTURE TOKAMAKS 

P. H. Rebut, P. P. Lallia and M. L. Watkins 
JET Joint Undertaking, Abingdon, Oxon. 0X14 3EA, UK. 

Abstract 

The diversity and complexity of behaviour in tokamak plasmas place strong constraints 
on any model attempting a description in terms of a single underlying phenomenon. As
suming that turbulence in the magnetic topology is the underlying phenomenon, specific 
expressions for electron and ion heat flux are derived from heuristic and dimensional ar
guments. When used in plasma transport codes, rather satisfactory simulations of ex
perimental results are achieved in different sized tokamaks in various regimes of operation. 
Predictions are given for the expected performance of JET at full planned power and im
plications for next step tokamaks are indicated. 

1. INTRODUCTION 

The complex behaviour in tokamak plasmas that has to be described by any model for 
heat and particle transport is well illustrated by observations on JET[1]. In particular: 

 In ohmic discharges the electron energy transport is anomalously high in comparison 
with the expectations of neoclassical theory, and shows a different dependence on the 
plasma parameters; 
 the energy transport is even higher with additional heating, and shows yet another de

pendence on plasma parameters; 
 this degradation of energy confinement occurs for either ion heating (NBI) or electron 

heating (ICRF); nonetheless, ion temperature profiles can be changed more easily 
("supershots" and High T¡ modes) than electron temperature profiles (High Τθ modes); 
 the energy confinement improves in Ηmodes, but exhibits in JET the same degrada

tion with increasing additional input power as Lmodes; 
 outside the q = 1 region the electron temperature profile is resilient to changes in the 

input power, while the density profile can be changed more readily; 
 inside the q = 1 region, a variety of phenomena occur, including "monster sawteeth"; 
 the peaked density profiles obtained with pellet injection relax faster when additional 

heating is applied; 
 the diffusivity deduced from heat pulse propagation is insensitive to the input power, 

in contrast to that obtained from global confinement analysis. 

This diversity of behaviour places strong constraints on any model, particularly if it is based 
on a single underlying phenomenon. In the "critical electron temperature gradient" model 
of plasma transport^], anomalous transport is determined by one such single phenome
non, namely turbulence in the magnetic field topology, which occurs above a certain thre
shold. An analogy is explored between turbulent fluid and anomalous plasma transport 
(Section 2). The characteristics of the particular form of magnetic turbulence are described 
(Section 3) and the transport laws for electron and ion heat flux and the corresponding 
global scaling law are formulated in nondimensional terms (Section 4). Using specific 
forms for the heat flux, simulations of various different sized tokamaks in various plasma 
regimes allow the role of each element in the model to be identified.The main uncertainty 
in the heat flux model is with regard to the dependence on the plasma pressure, β. Con
sidering the relatively small extrapolation from present results, the model has been used 
to predict the eventual performance of JET (Section 6). Implications for the choice of par
ameters for the next step tokamak are also indicated. 
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2. ANOMALOUS TRANSPORT IN FLUIDS 

In fluid mechanics it is well known that the dimensionless Reynolds number, R, can be 
constructed from the physics quantities entering the NavierStokes equation and that tur

bulence develops when R exceeds a critical value, Re. Experimental data show that the 
laws governing the flow change when the pressure gradient, i.e. the driving force, is such 
that R> Re (see Fig. 1a). 

Such a change in the radial heat and particle flows is also observed in a tokamak. It is 
tempting therefore to suppose that this is the result of underlying turbulence. A tokamak 
isan open thermodynamic system in which heat flow could influence its stability. To con
form with thermodynamics the driving force fortheheat transport in steady state should 
be the temperature gradient. The role of the Reynolds number in fluid mechanics should 
be played by the ratio, VkT/(VkT)c, where (VkT)c is a threshold value above which tur
bulence develops and the heat transport is enhanced. This behaviour is illustrated in 
Fig. 1b. With ohmic heating alone the temperature gradient should limit itself to a value 
close to, but above, the onset of turbulence. In the presence of powerful additional heat
ing the confinement properties should be entirely controlled by the anomalous thermal 
transport. 

General features common to all turbulent phenomena should be expected, such as a non
linearity between the flow and the driving force and delays in the onset and propagation 
of the turbulence. 

3. MAGNETIC TURBULENCE 

Explaining the anomalous transport in tokamaks by the presence of turbulence is widely 
accepted. More controversial is the nature of this turbulence. But it is certainly not unrea

sonable to assume that magnetic confinement is affected by magnetic turbulence [3]. In 
particular, macroscopic changes in the magnetic topology seems to be responsible for 
the total loss of confinement observed during major plasma disruptions. An attractive hy

pothesis is that a single basis, namely the magnetic topology, underlies the various phe

nomena observed in a tokamak, at least where atomic physics does not play a role. To

kamak physics would then be dominated by tearing and microtearing modes [49]. The 
topology would consist not only of wellnested magnetic surfaces but also of small mag

netic islands surrounded by chaotic field lines connecting radially hot and cold regions 
[10]. In the fully relaxed state of the Reversed Field Pinch, all field lines would be chaotic 
[H l 

Chains of islands develop where the safety factor, q, is rational: chaos occurs when the 
islands overlap radially, i.e. when the overlaping parameter^, exceeds a critical value, 
■y depends on a perturbation of the plasma current. If, as assumed, the critical value of γ 
corresponds to a critical value of the temperature gradient, then it should be the electron 
temperature gradient. 

The expression given below for the critical electron temperature gradient can be written 
as the power balance between the directed flow of electrons around the islands and the 
resistive dissipation of the current perturbation. 

The topology is strongly dependent upon the shear of the field lines, Vq: 

 for moderate shear, the field lines may cross many chains of islands and the chaotic 
volume forms a continuum. To sustain the topology a deficit of current should flow in the 
islands when Vq>0. Self sustainment implies that electrons and ions experience the to 
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pology differently, i.e. that the characteristic size of the islands be larger than the poloi
dal Larmor radius of the electrons. The largest possible islands will dominate the trans
port phenomena. The particle guiding centre trajectories have the same behaviour as the 
field lines except for a translation arising from the ambipolar radial electric field [10]. The 
maximum size of the island, k, could then be: 

λ « 2T7REo/(rV¡BVt) where E0 = (kTe/e) [ (Vn e /n e )+ (VkTe/2kTe)] (1) 

V¡ is the ion thermal velocity, Β is the toroidal magnetic field and t is the rotational trans

form. 

 for high shear, as near a magnetic separatrix, the islands are too small and cannot 
be selfsustained. 

 for low shear, as near the plasma axis, only rather large islands can exist and the hy
pothesis of a continuum might not be justified. 

Above the critical electron temperature gradient the effective heat transport should de
pend on flows both along and across the field lines. 

4. DIMENSIONAL ANALYSIS 

As in fluid mechanics, laws of similarity are to be expected for plasmas [12,13]. In the ab
sence of relativistic effects and assuming classical resistivity, the dominant physical pro
cesses in a tokamak plasma are described not only by the structural parameters repre
senting the plasma pressure, β = nkT/ (Bp

2
/ 2μο), resistivity, Δ = η J / ( BpVth ) and 

the diamagnetic thermal drift, Ω = ( VkT / eBp Vth )2
, but also by the power flow, Φ = 

P/ (3 i r
2
rR n kT Vth) [2]. Above a threshold of turbulence, the general form of the power 

balance can be written as, Φ = G( Ω, Δ, β ). g ( Ω /fie) + ΦΠΘΟ .where Φηβο represents 
neoclassical losses and for ohmic heating specifically, Ω = Ωο ( Δ, ß ). Inspection of ohmic, 
Lmode and Ηmode JET data suggests the following forms: 

Ωβο = Δβ / ββ Φβ = Ωΐ
1/2 Δβ

1/2 ( 1  (Ωβο/Ωθ)
1/2

) (2) 

The subscripts refer to the species, electrons or ions. It should be noted that numerical 
coefficients are close to unity. However, the dependence on ße, is also close to unity. It is 
therefore the least certain and a dimensionless equation of the type, Φβ = Ωί

1/2
Δβ ßs

1/2 

( 1 (Ωβο/Ωβ) ) cannot be excluded. 

A law similar to Eq. (2) is proposed for the ion heat transport, namely: 

Φι = Ωί
1 / 2

Δί
1 / 2

(1  (Ωβο/Ωβ)
172

) (3) 

A global scaling law for the total stored electron energy that is consistent with these ex
pressions is given approximately by: 

We = 2.6x10"
2
ne

3/4
Zeff

1/4
B

1/2
l
1/2

(Rab)
11/12 + 1.2x10"

2 I (Rab)
1/2 Ptot/Zeff

1/2 

where We(MJ), ne(10
19

m'
3
), B(T), I (MA), Ptot(MW), R,a,b(m). The numerical coefficients 

have been obtained by a fit to JET ohmic and Lmode data but may contain further shape 
parameters (such as q, a/R, b/a, and even Zeff) yet to be identified. 

This scaling law should be used only as a general guide for prediction. Transport code 
simulations should be used, since heating, radiation and impurity profiles, for example, 
can affect performance. 
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The simulations reported below use the following specific forms of Eq. (2) for the local 
electron heat flux. This includes the maximum size, λ, of the islands (Eq. (1)): 

Fe = ηβ xan.e VkTe [1  (VkTe)c/(VkTe)] Η [ | VkTe |  | VkTe | c ] Η [ Vq ] + Fe,neo 

xan.e = 0.15 [(VkTe/kTe) + (2Vne/ne)] 0VT¡)
1/2 (R/r) (q*/VqBR

1/2
) c

2 ( ^m¡)
1 / 2 

( VkTe )e = 0.06[ η J B3 / ne(kTe)
1/2 ]

1 / 2 (1/q) ( e2 / ^ m e
1 / 2 )

1/2 

and Η is the Heaviside step function. 

The specific form of Eq. (3) used for the ion heat flux is also dependent on the departure 
of the electron temperature gradient from its critical value: 

Fi = n¡ xan.i VkTi [1  (VkTe)c/(VkTe)] Η [|VkTe|  |VkTe|c ] Η [ Vq ] + F¡,neo 

With xan.i = xan.e Z¡ (Te/Ti)
1/2 

While there are strong indications that the particle transport is similarly anomalous above 
the same threshold of turbulence and exhibits many features of energy transport, thereby 
pointing towards a common explanation, no model is yet proposed and experimental den

sity profiles are used. 

5. SIMULATION OF TOKAMAK EXPERIMENTS 

Following the earlier work of [14], a number of tokamak transport codes of different com
plexity have used the above model [1517]. Inside experimental errors this model has 
given a rather satisfactory description of several tokamaks, ranging from WEGA (R = 0.7m, 
a = 0.15m, l=0.05MA) to JET (R = 3m, (ab)

1/2 = 1.6m, l=5MA), and in various plasma 
regimes. In particular, the results indicate that: 

 (VkTe)c defines largely the temperature profile in ohmic plasmas (Fig. 2) and leads to 
confinement which is considerably worse than neoclassical and with a different depend
ence on plasma parameters. The scaling of confinement time with plasma density is in ac
cord with the results of JET and other tokamaks, but is different from the neoalcator (li
near) scaling often associated with ohmic plasmas. A dependence of Zeff on ne might rec
oncile this. 

 at higher power levels, and especially with large amounts of additional heating, the con
finement is dominated increasingly by xan, which exhibits yet a different dependence on 
plasma parameters, xan determines the incremental confinement time, the heat pulse pro
pagation speed, the resilience of the electron temperature profile to changes (Fig. 2) and 
the degradation of confinement with increased additional heating power. When applying 
this model to fast perturbations such as heat pulse propagation, the unperturbed values 
of xan should be used: it takes time to change the topology. 

 near the separatrix in an Xpoint configuration, the heat diffusivities are reduced by the 
locally high magnetic shear, and neoclassical transport should be recovered ultimately. 
Under such conditions it has been shown [16] that a spontaneous change in the electron 
temperature can occur. This has been identified with the pedestals observed to develop 
within ~ 0.050.1 m of the JET separatrix when a transition from the L to H mode occurs. 
Simulating the Ηmode has been achieved by using the above model in the plasma inte
rior and either imposing the observed temperature pedestals at the plasma boundary [16] 
or reducing the edge particle fluxes (Fig. 2) [18]. Xan is reduced during the Ηmode in the 
plasma interior, where the gradients are smaller. In accordance with experiment, Hmode 
confinement exhibits the same degradation with power as Lmode confinement. At high 
powers the overall gain in confinement from the Ηmode will be determined largely by the 
pedestals in temperature and density established near the separatrix. 
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 when ¡on and electron temperatures are weakly coupled, there are differences depend
ing on which species has the higher temperature: it is easier to achieve high ion tempera
tures since the ion heat flux depends linearly on VkT¡, the electron heat flux depends quad
ratically on VkTe and xan,¡ = xan.e Z¡ (T8/T¡)

1/2
. Simulations of the "monster sawtooth" 

regime in JET [19] (High T8) and the "supershot" regime in TFTR [20] (High T¡) are shown 
in Fig. 3. The main plasma parameters are in Table I. The shape of the profiles might be 
improved further by including a radial variation of Zeff or by changing the dependence of 
xan on the aspect ratio. 

Further considerations are important in determining the electron and ion temperatures 
within the q = 1 region: 

 the "sawtooth" collapse has to be imposed; 

 sometimes when pellets are injected during the current rise, the central temperature 
gradient is about twice that predicted with this model and a q profile which increases mon
otonically with radius. This suggests the experimental q profile is inverted [21], and the 
anomalous transport is strongly reduced; 

 the model fails in describing T10 observations with 2MW of ECRH power deposited 
on axis, although the ohmic results are well predicted [22]. The model gives too high a dif
fusivity, but its applicability is questionable since for axial values of Te = 10keV and 
T¡ = 0.5keV the estimated size of the islands, λ, is much larger than the poloidal Larmor 
radius of the ions. 

6. IMPLICATIONS FOR JET AND FUTURE TOKAMAKS 

Plasma behaviour in tokamaks is interpreted in terms of turbulence in the magnetic topo
logy. Above a critical value of the electron temperature gradient the confinement is 
degraded. Specific expressions for the threshold and for the diffusivities have been 
derived heuristically. These allow simulation of various different sized tokamaks in various 
plasma regimes, including ohmic heating, Lmode, Ηmode, "monster sawteeth" and 
"supershots". The main uncertainty in the heat flux model is with regard to the depend
ence on β. 

Considering the relatively small extrapolation from present results, the model has been 
used to predict the eventual performance of JET. The alpha particle power to be expected 
from thermal fusion reactions is given in Table II. Including beamplasma contributions a 
total fusion amplification factor, QDT, between 0.5 and 1 is to be expected. 

Although the present model is incomplete with respect to a model for particle and impurity 
transport, it has implications in the choice of the parameters for the next step tokamak, 
such as ITER, NET and IGNITOR, being considered on the road towards a fusion reac
tor. For high power, the confinement time, τΕ α β

 _ a I a R1/2
, for both L  and Η  modes. 

a reflects the uncertainty in the model (a = 0 for Eqs. (2,3)) on β. The ignition product for 
such plasmas at the Troyon ßlimit is: 

η Τ τΕ = (q R / a)
 a I

2 B R1/2 

This stresses the importance of the current capability of the tokamak. To ensure a large 
ignition domain the ignition product should be larger than in JET by a factor of about 50 . 
Considering the thickness of a neutron blanket, a plasma with minor radius ~3m would 
occupy approximately onehalf of the volume enclosed by the magnets. With an elong
ation of 2, the necessary improvement on JET could be achieved with a toroidal field of 
4.5T and a plasma current of 30MA. Simulations indicate that the maximum fusion power 
in such a "thermonuclear furnace" would be near 4GW [23]. 
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Table I 

Parameter 

B(T) 
Ip(MA) 
R(m) 
a(m) 
b/a 
n(1019m·3) 
Padd(MW) 

JET 
No:12898 

2.45 
2.5 

2.90 
1.15 
1.5 
3.0 

10.6(ICRH) 

TFTR 
Ref [20] 

4.7 
0.9 

2.50 
0.82 
1.0 
3.0 

12.5(NB) 
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Table II 
Predictions for JET; 'critical temperature' simulations 

Device 

JET 

'P 

MA 

7 

7 

7 

6 

7 

neo 

1019nrr3 

7.5 

7.5 

7.5 

7.5 

4 

Zeff 

2 

2 

2 

2 

2 

' a d d 

MW 

0 

40 

40 

20 

20 

T. 
IO 

keV 

3.5 

12 

5.6 

11 

25 

Te 

keV 

2.6 

5.2 

3.7 

5.2 

5.8 

Pa 

MW 

0.014 

2.2 

0.5 

2 

2.5 

g* 

0.24 

1.22 

0.86 

1.6 

0.94 

' O H 

MW 

5.6 

3 

3.2 

1.4 

2.1 

Regime 

ohmic q=1 

monster 
L-mode q=0.8 

L-mode q=1 

H-mode+ 
monster q=0.8 

Pedestal Te 1.5keV 
hot ion L mode 
monster q=0.8 

g = ß(%) a(m) B(T) / l(MA) 

> 



3 

Flow 
(au.) 

a) Viscous Flow in pipes 

Turbulent Flow 

Laminar Flow 

O 8 10 12 14 16 

Grad ρ (a.u.) 

V Te 
VTc 

■ \ 

b) Anomalous Heat Transport 
Critical temperature model 

Anomalous Transport 

Neoclassical Transport 

Heat Flow Fe (a.u.) 
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Fig. 1 : (a) The experimental relationship governing the flow of a liquid through a long pipe 
is shown. When the Reynolds number, R, reaches the critical value, RCl extra resistance is 
added to the flow which increases with the value of R (curvature of the curve in the turbu
lent flow regime); (b) For given temperature, density, magnetic field, etc., the dependence 
of the heat flow with electron temperature gradient in the critical temperature gradient 
model shows the same behaviour: when VkT reaches (VkT)c anomalous transport appears 
which increases the heat flow. This anomalous transport also varies nonlinearly with the 
ratio (VkTe)/(VkTe)c 



H #10755 

Computed 

r/a 

Fig. 2: Experimental (—) and computed (—) electron temperature profiles at times 10.5s 
(OH), 11.7s(L-mode, P-4MW) and 12.7s (Η-mode, Ρ~8MW) during JET Pulse 10755. 
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Fig. 3(a) 

ì 

r/a 
Fig. 3: Experimental ( , Φ ) and computed ( — ) temperature profiles for (a) JET 
"Monster sawtooth" and (b) TFTR "Supershot". 
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Fig.3(b) 

r/a 
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IAEACN50/I22 

MEASUREMENTS OF CORRELATIONS BETWEEN THERMAL 
AND PARTICLE TRANSPORT IN JET 

Abstract 

Radial thermal and par t i c l e d i f fus iv i t i e s have been measured 
using t rans ient methods yielding χ and D simultaneously in the 
p l a s m a i n t e r i o r a t 0 . 5 £ r / a < 0 . 7 . x e = 2 . 9 ± 0 . 4 m 2 / s and 
De = 0 .4±0 .1 m 2 / s have been measured in OH plasmas, giving 
X e /D e=7.2±3. NBI heated Ηmode plasmas are indist inguishable 
from OH plasmas in r e spec t of χθ , De and Xe/De in the region 
specified. The ion thermal diffus ivi ty has also been been 
measured in Ηmode plasmas, giving 1<x i(m2/s)<3, simultaneously 
with xe=3±0.5 m2/s, thus 0.3<x i /x e<1. The large value of Xe/De 
would suggest that micromagnetic s tochas t ic i ty , ra ther than 
JíxB convection, may be the key mechanism in anomalous thermal 
t ransport . 

1. INTRODUCTION 
An important objective in tokamak research is to find 

suitable descriptions for the measured radial thermal and parti
cle fluxes, and to identify underlying mechanisms of transport. 
Many models for transport in tokamaks have been developed which 
make specific predictions for correlations between thermal and 
particle transport [1,2,3]. Correlations amongst the transport 
coefficients arise due to mutual interference between the simul
taneously occurring processes in the system, which is described 
by some form of Onsager relations. In order to exclude some of 
the contending models, accurate measurements of the correlations 
are required. To reduce uncertainties arising from shottoshot 
and spatial variations it is necessary to determine these 
coefficients simultaneously in the same spatial region of the 
plasma. Static experiments involving steadystate analysis for 
determination of correlations between the coefficients are 
likely to be inconclusive and transient methods which do not 
strongly perturb the plasma are needed. 

We present simultaneous measurements of radial thermal and 
particle transport coefficients using a method that satisfies 
the above requirements, namely, the analysis of the inward 
propagation of temperature and density perturbations produced 
when a small pellet is injected into the plasma. The results 
are compared with those obtained by analysis of electron 
temperature and density pulses propagating outwards following 
sawtooth collapse, and time dependent transport analysis applied 
to nonstationary plasmas. In this paper the pellet injection 
method is extended to Ηmode plasmas, and to measurement of χ̂  
simultaneously with xe and De. The paper incorporates results 
from earlier publications [4,5] where details of the applied 
methods are given. Other transient methods to measure electron 
density and thermal transport, by modulating the sources, have 
also been used in JET [6, 7,8]. However, these methods cannot 
be applied simultaneously. 
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In the following we contrast thermal and par t i c l e t ransport 
behaviour in Ohmically heated (OH) deuterium plasmas in the 
o u t e r  l i m i t e r con f igu ra t i on in the parameter_range Ιφ=3ΜΑ, 
2 .8^Β φ (ΤΚ3·4 , Te(0)=3keV, T,(0)=1.5keV and 1.5*ne(10 l 9rn 3)£2.7 
[ 5 ] , with that in NBI heated Ηmode deuterium plasmas limited by 
a magnetic separatr ix formed during s inglenul l Xpoint opera
t i o n , in the parameter range Ιφ=3ΜΑ, Βφ=3Τ, T,(0)Te(0)5keV, 
ñg^xIO 1 9 m" 3 , with =8MW of NBI heating. Table I summarizes the 
measurements. 

2. DETERMINATION OF xe, De AND x¿ BY PELLET INJECTION 
Local thermal and particle diffusivities are determined by 

analysis of propagation of temperature and density perturbations 
caused by a small pellet injected in the horizontal midplane, 
penetrating to a radius rp such that rp/a=0.7, where a is the 
minor radius. The propagation is analysed in the region 
rc<r<r_, where rc is the sawtooth inversion radius. 

2.1 Electron thermal diffusivity, xe, is determined by 
comparing the measured evolution of the electron temperature 
profile at rQ<r<r with a simulation. The evolution of Te(r) is 
governed by the continuity equation 

dWe(r)/dt = div Qe(r)+ S(r), We(r) = (3/2)ne(r) Te(r) Ι

Ο. and S(r) are the thermal flux and source. Two models for Q , 
suggested by steadystate power balance analysis[9], are tested: 
(a) Diffusive model with a constant thermal pinch in which 
Qe

=
~
n
eXe

VT
e
+Q
p·

 W e a s s u m e t h a t Xe(
r
)
 = Xo[1+0l

^
r/a

^ ^
 a n d t n e 

thermal pinch Q are independent of local plasma parameters but 
have arbitrary spatial profiles. Because the applied perturba
tion is small QD(r) and S(r) are assumed to remain stationary 
during T profile evolution, allowing them to be combined into 
an effective source, Seff(r). so that eq.1 becomes 

dWe/dt=div{nexeVTe} + Seff, S e f f = divQp+S 2a

(b) N o n  l i n e a r model f o r x e in which Q e=n ex evT e where 
X e(r)=x 0 0{|vT e | / (T 0 /a)} 6+ x0{l+ct(r/a)ß}, (TQ/a) i s a normalizing 
parameter . The f i r s t term with χ00 dominates everywhere except 
near the plasma center where i t i s zero, and in the edge region 
where global power balance requires tha t Xe(r) increase sharply. 
The second term with χ0 a d j u s t s these two end regions and i s 
negligible elsewhere. Thus in the measurement region, the non
l i n e a r χ i s emphasized. This i d e a l i z e d nonlinear χ model 
does not admit any thermal pinch . A nonl inear χ_ model has 
also been proposed for modelling of TFTR electron temperature 
prof i les [10] . Eq.1 then becomes 
αΝ θ ^=αίν [ (η θ χ 0 0 { |νΤ θ | / (Τ 0 / 3 )} δ

+ η 6 χ 0 {Ηα(Γ/ & ) β })νΤ θ ] + S 2b
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After pe l le t inject ion, evolution of T e(r) takes place i n i t i a l l y 
in the presence of strong temperature gradients . Thus t h i s 
method wil l be a sens i t ive t e s t of the VT dependence of x e . 

The i n i t i a l conditions for solving eq.2a and 2b, the 
temperature and density prof i les ins tant ly af te r pe l l e t in jec
t i o n , are determined from measurements of T e ( r ) , n e ( r ) , pe l le t 
mass, a b l a t i o n r a t e and penetration depth. Fig. 1 shows T e(r) 
and n e ( r ) immediately before and af te r pe l le t inject ion. During 
evo lu t ion of T e ( r ) the perturbed density prof i le i s assumed to 
be s ta t ionary . This i s jus t i f i ed a poster ior i because the den
s i ty perturbation t ravels much more slowly than the temperature 
perturbation, as wil l become c lear in the following. 

Fig.2 shows a representat ive comparison between the 
measured and modelled T e ( r , t ) a t four radi i for a Ηmode plasma, 
applying diffusive model with thermal pinch, eq.2a. Assuming 
X e( r)> S e f f ^ i s c a l c u l a t e d f ,° r t h e equ i l ib r ium prepe l le t 
plasma and maintained stat ionary thereaf ter . The modelled evol
u t ion of Te i s found to be sens i t ive only to the local value of 
Xe. We have assumed x e ( r )=x 0 [ l+a ( r / a )^ ] , where α and 3 are such 
t h a t X e(r) i s near ly cons t an t in the measurement region and 
i n c r e a s e s sharply at the plasma edge. Such a form for x e ( r ) is 
suggested by power balance considerations. xQis i t e ra ted u n t i l 
agreement with the measured Te i s obtained. Fig. 2 shows the 
c lose agreement obta ined between the measured and modelled Te 
profi le evolution using t h i s diffusive model with thermal pinch 
and xe=3±0.5 m2/s for the Ηmode plasma. Application of the same 
model to the OH case has yielded xe=2.8±0.3 m2/s [ 5 ] , table I . 

The n o n  l i n e a r χ model has been appl ied s i m i l a r l y , 
employing eq.2b. Assuming δ and χ00, S(r) i s calculated for the 
equilibrium prepel le t plasma and maintained stat ionary there
a f t e r . xQ0 i s i t e ra ted u n t i l a good match between measured and 
modelled T e ( r , t ) i s found. The procedure i s applied to the OH 
case [5] to t e s t the admissibi l i ty of the nonlinear xe model. 
Fig.3 shows such a comparison for three values of δ. The model
led Tg evo lu t ion can be understood as fo l lows . Immediately 
af te r pe l le t injection VTe i s l a rges t , and therefore χΘ, closest 
to the pel le t penetration radius . This causes a fast i n i t i a l 
drop in Tgin the measurement region. As VTe and xe decrease the 
ra te of change of Te decreases. As δ i s reduced, the i n i t i a l Te 
becomes smaller, giving be t t e r match with measurement. The best 
o v e r a l l match always r e q u i r e s xe=3m2/s in the measurement 
region. In order to obtain as good a match as in f ig .2 , the 
n o n  l i n e a r i t y must be very weak, 0<δ<<1, thus reducing the 
problem to that of eq.2a. Such analysis has been repeated for 
the Ηmode data. The outcome i s similar , but l ess firm. This 
i s because the change induced in VTe i s smal le r than in the 
previous OH case, and also the measurements are s i tua ted further 
away from the location of greates t change in VTe, thus reducing 
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the measurable effect. On this basis, the nonlinear χΘ model 
may be excluded. Similar conclusions have been reached for NBI 
[9] and ICRF [11] heated JET plasmas, using steady state power 
analysis. 

2.2 Electron particle diffusivity, D , is determined by compar
ing the temporal evolution of ne(r) with a simulation using a 
diffusive model including sources [5], 

dne(r)/dt = div re(r) + Se(r) 3

Γ =D Vn +Γ ( r ) , S is the electron source, and 
rD(r)=ne(r)V (r; a convective (pinch) particle flux. The diffu
sion coefficient is taken as D (r)=D [l+a(r/a)°], giving a mini
mum in the core and a sharp increase at the plasma edge. This 
form for D (r) is justified by our previous measurements of den
sity profile dynamics in JET [6,7], where details of determining 
the source Se(r) are also given. DQ is iterated until a good 
match between the modelled and measured ne(r,t) is achieved. For 
the OH plasma D =0.4±0.1 m

2
/s, and the corresponding 

V(r)=V0(r/a)^, with VQ=1m/s, giving Γ =(2±0.7).10l8/m2.s. For 
the Ηmode plasma De=0.30.6 m2

/s, the large uncertainty arising 
due to uncertainties in determining the particle source. 

2.3 Ion thermal diffusivity, χj, is determined by analyzing 
propagation of an ion temperature perturbation using a transport 
equation analogous to eq.2a. Since the ion temperature cannot 
at present be measured with the required spatial and temporal 
resolution, we have employed propagation of perturbations of 
thermonuclear neutron emission, as evidenced by a multichord 
neutron camera [12], viewing a poloidal crosssection of the 
plasma from above, to deduce xi# In OH plasmas T^ is not high 
enough to give sufficient neutron flux to the camera for high 
quality neutron emission profile analysis. Therefore the NBI 
heated Ηmode plasmas have been analyzed for the χ̂  determina
tion. Fig.4 shows temporal evolution of lineintegrated neutron 
emission in five chords viewing the outside half of the plasma 
crosssection. The pellet is injected at t=54.8s, which 
instantaneously reduces Ti for r>r . Fig.4 shows that the 
neutron emission on the chords passing through the cold plasma 
(#19) also instantaneously drops, whereas the neutron emission 
on the chords viewing the plasma further inside drops more 
slowly. The geometry of the cords is explained in [11]. In 
fig.4 we observe a neutron emissivity perturbation due to an ion 
temperature 'cold' front travelling diffusively into the plasma. 
We have modelled this process as follows. The equilibrium (pre
pellet) deuteron density profile, n.¡(r), is constructed from the 
measured profiles ne(r) and Zeff(r). The prepellet deuteron 
temperature profile, T^(r), is assumed to be Gaussian with the 
measured peak value TjiO). The width of the Gaussian is 
adjusted to match the thermonuclear part of the measured neutron 
yield, taking into account the proportion of beamplasma and 
thermonuclear neutron yield, which is deduced from a model 
calculation of the neutral beam dynamics within the TRANSP code 
[13]. The model calculation also gives spatial neutron emissi
vity profiles for neutrons from each of the two reactions. 
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After pe l le t injection the beamplasma neutron emissivity 
profi le i s assumed to remain unchanged, which i s reasonable 
since the pe l le t produces only a small perturbation of the 
plasma parameters, and the NBI power remains constant. The 
observed perturbations in the t o t a l neutron yield are a t t r ibu ted 
to perturbations of ion temperature and i t s consequences for the 
thermonuclear neutrons. The i n i t i a l condition for solving the 
d i f fus ion equat ion for χ^, analogous to eq.2a, is the deuteron 
density and temperature prof i les immediately af te r pe l l e t in jec
t i o n . n ^ ( r , t = 0 ) i s deduced as before from pel le t deposition, 
and Τ | ( Γ ^ = 0 ) i s derived by assuming adiabatic response of the 
ion t empera tu re . The temporal evolution of T^(r), the cor res 
ponding thermonuclear neutron emissivity, and the t o t a l l i n e 
integrated neutron emission observed in each cord of the neutron 
camera are c a l c u l a t e d . The per turbed n^(r) i s assumed to be 
s t a t i o n a r y during evo lu t ion of T^(r). The value of χ̂  in the 
measurement region i s i t e ra ted u n t i l a match i s obtained with 
the observed temporal evolution of the emission, f ig . 5. This 
procedure yields 1<x i(m2/s)<3, simultaneously with xe=3±0.5m2/s, 
giving 0.3<χ^/χθ<1 for the Ηmode plasmas. Errors in measure
ments of neutron yield, emissivity prof i le , T^(0), and n^(r) are 
taken into account in determining the band of admissible χ^. 

3. CONCLUSIONS 
Table I summarizes the observations. Modelling of inward 

propagation of electron temperature perturbation following pel 
l e t injection seems to exclude the nonlinear χ model in favour 
of the diffusive with constant heat pinch description of thermal 
fluxes in JET. Simultaneous di rec t measurements of rad ia l the r 
mal and p a r t i c l e d i f f u s i v i t i e s y ie ld χ =2.9±0.4 m2 /s and 
D =0.4±0.2 m/ 2 s , giving xe/D =7.2+3 a t 0.5<r/a<0.7 in the OH 
plasma. The Ηmode plasma, with =8MW of NBI heating, is ind i s 
tinguishable from the OH plasma in respect of xe , De, and Xe/De· 
The ion thermal diffus ivi ty has also been determined in the 
spec i f i ed region for the Ηmode plasma, giving 1<x i(m2/s)<3, 
thus 0.3<Xj /x e <1. An aim of our future work i s to incorporate 
impurity t ransport into t h i s scheme. 

The l a r g e value of Xe/De would suggest that micromagnetic 
s tochas t ic i ty [ 2 ] , ra ther than Ε χ B_ convection [ 3 ] , may be the 
principal mechanism in the observed anomalous rad ia l thermal 
t ransport in JET. The above observation i s contrary to that 
reported from other experiments [14,15] , where thermal^and par t 
ic le di f fus iv i t i e s of equal magnitude are deduced and E>B t r ans 
port inferred. The c r i t i c a l temperature gradient model of 
anomalous t ransport [16,17] ι which invokes magnetic s tochast
i c i t y , has been used to in terpre t energy transport in JET. The 
l a r g e value of Xe/De seems to be c o n s i s t e n t with the model 
expectations. The s imi lar i ty of OH l imi te r plasmas and NBI 
heated Ηmode plasmas in respect of electron thermal and par t 
ic le transport behaviour in the plasma in te r io r suggests that 
the same underlying mechanism of anomalous t ransport i s oper
a t ive in the two cases, although they are qui te different in 
respect of magnetic configuration, temperature range, and 
density profi le shape. The i n t r i n s i ca l l y be t t e r pa r t i c l e (vs 
thermal) confinement witnessed here, which wil l similar ly affect 
recycled impurities and helium ash, may pose the more severe 
bar r ie r in future reactor oriented tokamak experiments. 
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Table I: Some Elements of the Radial Transport Matrix 

a 
b 
c 

a 
b 
c 

Xe(m
2
/s) 

2.8+0.3 
2.9±0.4 



Xe(m
2
/s) 

3±0.5 
3+0.6 
2(d) 

OH limiter plasma [5] 

De(m
2
/s) 

0.4+0.1 
0.4±0.2 
η 4 + 0

·
2 

°·
4
0.1 

NBI heated 

De(m
2
/s) 

0.30.6 


0.20.3 
0.30.4 

(10
ie
?m

2
s) 

2+0.7 


1 ii
+5 

K4
0.5 

ρ = r/a 

0.5^p£0.6 
0.6<p<0.8 
p=0.67 

Hmode plasma 

X^mVs) 

13 




ρ = r/a 

0.4<p<0.6 
0.5áp<0.7 
p=0.5 
p=0.67 

where. 
(a) Perturbations of ne and Te by pellet injection [5]. 
(b) Sawtooth density and heat pulse propagation [18,19]. 
(c) Time dependent transport analysis, 'fluxgradient' method 

[5]. Inferred χ is for a single fluid plasma. 
(d) ΙΛ=2ΜΑ, Βφ=2Τ, different from that for the other data. 
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Fig.1 Radial electron temperature and density profiles for the 
OH (#12770) and NBI heated Hmode (#15925) plasmas. 

(a) Prepellet equilibrium electron density profile (1), 
the calculated pellet deposition profile (3), and the 
total postpellet density profile (2). 

(b) Prepellet equilibrium electron temperature profile 
(1), and postpellet Τ profile (2). The circles 
denote the measurements. The solid circles denote the 
points for which comparisons of measurement and 
modelling of temperature evolution are made. 

The profiles (a2) and (b2) are the initial conditions for 
the transport calculation. 
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Implications of Fusion Results for a Reactor: 
A Proposed Next Step Device—JIT 

RH. Rebut 
JET Joint Undertaking, Abingdon, Oxon, 0X14 3EA, U.K. 

Abstract 
Simulations with a 'criticaltemperature' model have been made of proposed future devices 
(NET, ITER, JIT, etc). These show that only machines with a current capability of ~ 30MA 
have a sufficient ignition domain to cope with more realistic operating conditions (i.e. taking 
into account sawteeth effects, impurity dilution and semicontinuous operation). The 
importance of dilution and Bremsstrahlung radiation are clearly demonstrated; a mean 
temperature > 7 keV is required for ignition. This prevents higher field, lower current devices 
from reaching ignition. Transient operations with monster sawteeth or Ηmode allow such 
devices (>30MA) to reach ignition at lower density without additional heating. 

To investigate the problems of a controlled burning plasma for days in semicontinuous 
operation, the plasma of the nextstep tokamak should be similar in size and performance 
to an energy producing reactor. The scientific and technical aims of such a machine should 
be to study burning plasma, test wall technology, provide a testbed for breeding blankets 
and most importantly to demonstrate the potential and viability of fusion as an energy 
source. 

The main design characteristics of a Thermonuclear Furnace—JIT—dedicated to these 
objectives are presented. Basically, the plasma parameters are scaled up from JET by a 
factor of 2.5. Watercooled copper magnets are used to benefit from proven technology. 
A singlenull divertor configuration ensures helium exhaust and possibly benefits from 
an Ηmode to reach the ignition domain. The Xpoint position relative to the dump plates 
would be swept to limit wall loading. By changing operating density, the thermonuclear 
power could be varied from 0.5 to 4GW(th), according to power loading and tritium con

sumption. 

1. Introduction 
The behaviour of JET thermonuclear grade plasmas, especially relating to energy 
confinement, allows conclusions to be drawn for conditions in a future reactor. 

A critical temperature model permits good simulation of most JET 
results [ I ·2 ·3 1 . Such a tool has been used to study the ignition of different pro

posed machines and to define possible parameters for a next step device. Such 
a device could be conceived as a thermonuclear furnace producing a power reac

tor plasma, but without a full blanket and superconducting coils. 
CR 88 U 4 
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2. Consequences of JET Results 
Latest JET results131 lead to the following conclusions: 

Energy Confinement: L and Ηmode plasmas both exhibit confinement 
degradation with power. Confinement times are 23 times higher for the Hmode, 
but the Ηmode is transient as the density is still increasing. Confinement times 
increase with plasma current but degrade at low q as a consequence of sawteeth; 
the optimum q is 3 4. Anomalous heat transport is similar for ions and electrons. 

Generally, the fusion product is insensitive to additional heating power: 
ignition is a property of the device. 

Particle Confinement: Knowledge of particle confinement is needed to define 
the acceptable level of impurities and the level of fuelling and pumping required 
by a reactor. 

Energy transport and particle transport in JET are linked with D  1/5χ,·. 
When χ,· becomes close to neoclassical transport, accumulation of impurities 
is seen. 

Impurities: The impurity content is controlled mainly by interactions with the 
plasma at the limiter, but materials of the first wall could be transported onto 
the limiter by the plasma at disruptions. 

Graphite is employed in JET as the first wall and behaves generally well. 
However, problem areas have been identified with: its role as an impurity source; 
high chemical reactivity with hydrogen; problems with density control; and 
hydrogen (tritium) retention. 

At high power, impurity dilution of deuterium becomes serious; without 
refuelling, the dilution factor, d= nD/ne, is less than 0.5; with neutral beam in

jection, dis ~ 0.5; and with pellets, d close to unity was reached. 
Density Limit and Disruptions: The limit in density is due to disruptions, which 
seemed to be linked to edge radiation (100% of the total power in the q>2 
region). The density limit improved with high heating power, cleaner plasmas 
and peaked plasma profiles (high density in the centre and low on the edge). 
Disruptions were preceded by locked modes (m = 2, /? = 1). 

Low q Operation: At low q, disruptions could occur at q^ = 2 (<7ψ = 3) or 
following a giant sawtooth crash. Confinement times also decreased at low q. 
Α β limit has not yet been reached on JET, but its effect has been seen in 
other devices. 

3. Simulation of Ignition with 'Critical Temperature' Model 
Generally the critical temperature model successfully describes most JET results 
in terms of energy transport. Density and impurity profiles must be known as 
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particle transport has not yet been included. In this model, anomalous transport 
occurs above a critical temperature gradient'4'. 

This specific model gives a general scaling, for asymptotic behaviour (at high 
power), of the form: 

(ήΤτΕ) oc gì2 Β,R¡> 

where g is the Troyon factor and reflects the uncertainty in the β dependence. 
Using a 1D transport code, good simulations have been achieved not only of 
JET results but also of other tokamaks. 

This model has been used to predict the size of an ignition device and its con

ditions of operation. To ignite within a practical ignition domain, a tokamak 
with plasma current capability of 30MA and a toroidal field of 45T is 
required, (i.e. the parameters chosen for JIT). Calculations have also been 
undertaken for various nextstep proposals: Ignitor, NET II and ITER (with 
dimensions and parameters as shown in Table I). 

Table I 
Main parameters of major fusion devices 

JET 

ITER 

JIT 

IGNITOR 

NET II 

R 
(m) 

3 

5.8 

7.5 

1.16 

6 

a 
(m) 

1.2 

2 

3 

0.43 

2.2 

k 

1.7 

2.2 

2 

1.8 

2.2 

B, 
(T) 

3.4 

5.1 

4.5 

14 

5.4 

Add. Power 
(MW) 

40 

100 

50 

10 

50 

lp 
(MA) 

7 

20 

30 

12 

27 

In these simulations, radiation and dilution caused by impurities were taken 
into account. The hypothesis is that only low Ζ impurities (Z~7) are present, 
giving a further 30% radiation of the total heating power near the edge, in 
addition to Bremsstrahlung radiation. 

Sawtooth behaviour inside the q= 1 region plays an important role on the 
central ion and electron temperatures. When sawteeth are fully effective, the 
electron and ion temperatures and the current density are flattened inside the 
q= 1 region (see Fig. 1). In 'monster' sawtooth cases, the temperature of elec

trons and ions are allowed to develop and the safety factor value is imposed 
at the centre (see Fig.2). The density profile is not calculated but taken as given 
by experiment. Generally, this is a relatively flat profile (oc [ 1 (r/a)2] Vl) 
or even flatter in Ηmode cases. 
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Fig. 1 Critical temperature simulation of JIT. Full ignition is obtained on JIT even with 
complete flattening of the temperature inside the q = 1 region at 20MA. The β limit (g = 3.6) 

is almost reached. 
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Fig. 2 Critical temperature simulation of JIT at 30MA with a monster sawtooth. Ignition 
is obtained without additional heating at a lower density. 
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Improved confinement due to peaked density profiles, seems unrealistic in 
a semicontinuous reactor where there are no central particle sources to main

tain it. In this model, increased Ηmode confinement is due to pedestals 
developing in regions of very high shear near the separatrix, but the main core 
of the plasma behaves as an Lmode (see Fig.3). Stationary Ηmode operation 
has not yet been found experimentally which precludes considering its enhanced 
confinement for semicontinuous operation. Nevertheless, a transiently 
improved confinement (Ηmode, monster sawtooth) could be useful in 
facilitating the transition to an ignited plasma. 

Predictions for proposed future experiments are given in Tables II and III. 

(10 "m
3
) 

Pi 
Fig. 3 Ηmode simulation of JIT at 25 MA. The effect of the separatrix is taken into account 
by a pedestal in temperature and a flat density profile. Ignition is obtained without 

additional heating. 

In these tables, the factor g does not include the pressure generated by the a

particles and brackets indicate that the additional power has been switched off 
when the αparticle power has reached sufficient level. No bootstrap current 
has been included. 

One conclusion from the simulations is that it is extremely difficult to vary 
the electron temperature (and consequently the ion temperature) in a tokamak, 
without introducing heating power larger than the αparticle heating. In other 
terms, ignition could almost be reached without additional heating; only a 
modest level would be required in a machine like JIT (2550MW). The increase 
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Table II 
Predictions for JIT using critical temperature model 

Device 

JIT 

(MA) 

30 

30 

20 

25 

20 

20 

neo 
10

19
rrr

3 

5 

5 

10 

5 

10 

10 

Zeff 

2 

2 

2 

2 

3 

3 

Padd 
(MW) 

0 

0 

(50)* 

0 

50 

(50)* 

ti 
(keV) 

5.6 

25 

29 

52 

10 

32 

Te 
(keV) 

3.9 

11 

15 

28 

5 

12 

p« 
(MW) 

0 

9 0 " 

511 

270 

51 

262 

g 

0.25 

0.77 

3 

2.6 

1 

2.3 

POH 
(MW) 

18 

5.5 

0.75 

0.55 

5.9 

20 

Regime 

ohmic without a 
(q = 1 sawteeth) 

ohmic + α 
monster q = 0.8 

Ignited 
Lmode 

Sawteeth (q = 1) 
Ignited 

Ηmode (2keV) 
Sawteeth (q = 1) 

Lmode 
Sawteeth (q = 1) 

Lmode 
Monster Ignited 

* Brackets indicate that Padd has been switched off when Pa was large enough. 
** P„ still rising. 

Table III 
Predictions for ITER, NET II and Ignitor 

using critical temperature model 

Device 

ITER 

NETII 

Ignitor 

Ip 
(MA) 

20 

20 

20 

27 

12 

12 

neo 
10

19
m

3 

15 

15 

5 

5 

100 

100 

Zeff 

2 

2 

2 

2 

2 

2 

Padd 
(MW) 

100 

(100)* 

0 

0 

10 

0 

T| 
(keV) 

18 

30 

9.8 

13 

9.2 

8.2 

Te 
(keV) 

11.7 

13.2 

4.5 

6.3 

4.4 

4 

p« 
(MW) 

300 

380 

4.5 

13.3 

11.6 

8.3 

g 

2.1 

2.4 

0.27 

0.3 

0.7 

0.62 

POH 
(MW) 

1.9 

2.2 

9.8 

11 

25 

27 

Regime 

Lmode Q = 15 
q = 1 

Lmode 
monster q = 0.8 

Ignited 
Ohmic +a 

monster,q = 0.8 
Q = 2.3 

Ohmic +a 
monster Q = 6 

Monster Q = 1.7 

Ohmic +a 
Monster Q = 1.5 

•Brackets indicate that Padd has been switched off when Pa was large enough. 

in thermonuclear power is realised by increasing the density at almost constant 
temperature (see Table II). 

High field machines generally suffer at high densities from an insufficient 
temperature giving rise to a high level of Bremsstrahlung radiation and to a 
low reactivity, even if the confinement appears good. In general, except in JIT, 
sawteeth are able to destroy ignition at low q. NET II should behave in a similar 
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fashion to JIT, if technology development is sufficient to permit the parameters 
in Table I to be reached. 

This code also predicts that, with monster sawteeth or with an Hmode 
pedestal at relatively low density, JIT could reach ignition without additional 
heating. 

3.1 Impurities 
The effect of impurities is relatively dramatic: they dilute the reacting plasma 
and increase Bremsstrahlung radiation. Ignition is marginal in JIT: (a) with 
carbon type impurities Z = l at Zeff=7> where the dilution factor 
d = (nD + nT)/ne~~y3; or (b) with beryllium impurities, at Zeff=2.5 and 
d = 0.5. These results have to be compared to JET results at high power, where 
it is extremely difficult to get d > 0.5 without particle injection of deuterium 
beams or pellets. 

In the ignition domain, αparticle heating imposes Te>T, and Brems

strahlung and fusion crosssections require Τ> 7 keV. Line radiation requires 
low Ζ impurities but dilution becomes a problem. In a reactor, fuelling, exhaust, 
pumping and impurity level depend on particle transport; a particle confine

ment, which is too good, could be a major threat to a reactor: D ~1/5χ, is 
already a limit. 

The β value should not limit the achievement of ignition due to the limita

tion of additional heating, but it might limit the maximum power produced. 
A reactor should be semicontinuous and must be based on a quasistationary 

mode of operation. There is also the necessity of maintaining smooth opera

tions free of disruptions, giant sawteeth, collapse of Ηmodes, etc. (q~3). As 
no stationary regime has been found, 'Monsters' and Ηmode could be used 
to reach ignition. 

Extrapolation to a reactor must be made from experimental results: geometry 
(aspect ratio, shape) and values of B0, Zeff, etc. In order to meet these condi

tions, a device with a plasma capability of 30 MA is required with a sufficiently 
large domain of ignition to be able to cope with the operating conditions. JIT 
is such a device. 

4. Definition of the Next Step 

4.1 Reactor Studies 
Reactor studies show that the thickness of the blanket and shielding inside the 
coils, eh, should exceed I m (i.e. 1.5 2 m). To use the magnetic field efficiently, 
the plasma radius, a, should be greater than 2{eb + ec/7>), where ec is the toroidal 
coil thickness; this gives as a minimum size, o = 3m. With a toroidal field of 
45 T, and an elongation of 2, the plasma current capability of such a machine 
should be over 30 M A[51. Such a reactor should be able to ignite in the Lmode 
without problems of confinement. To define the pumping, fuelling and exhaust 

A627 



specifications, a better knowledge of particle transport and of phenomena con
trolling plasma wall interactions is required. 
4.2 Next-Step Device 
A next-step device should be aimed at producing a full reactor plasma and at 
demonstrating that solutions for the first wall and smooth plasma operations 
can be found. Such a plasma will require a very long burn ( ~ 30 minutes) and 
a high duty cycle (semi-continuous operation). It should also be possible to test 
different blanket concepts for DEMO. This specific choice allows a large igni
tion domain depending on q and plasma density: the power produced could 
vary in the range 500-4000MW. The optimum way to reach ignition appears 
to start with a plasma at a relatively low density with a moderate current of 
25 MA and to increase the density and plasma current when ignition is reached 
to produce a power level of several GW (similar to that of a reactor). 

This should demonstrate the potential of fusion as an energy source. Such 
a device is referred to as a 'Thermonuclear Furnace' and a possible choice of 
parameters (JIT) is given in Table IV. 

Table IV 
Main parameters of a Thermonuclear Furnace (JIT) 

Plasma minor radius (horizontal) 
Plasma minor radius (vertical) 
Plasma major radius 
Plasma aspect ratio 
Flat top pulse length 
Toroidal field (plasma centre) 
Plasma current 
Volt seconds 
Additional heating 
Fusion power 

3m 
6m 

7.5m 
2-2.5 

1000-4000s 
4.5T 

30 MA 
425 Vs 
50 MW 

500-4000 M W 

4.3 Semi-Continuous versus Continuous Operation 
One of the questions which has an overall impact on the choice of solution and 
on the very concept of a reactor is that of the necessity of continuous opera
tion, which does not seem compatible with the concept of ignition. 

In a reactor at temperatures required for ignition and in the presence of 
bootstrap currents, the voltage per turn should be extremely low ( ~ 0.05V or 
less). Flux consumption of lOOV.s during the flat-top will ensure a burn time 
of more than 30 minutes which could even exceed 1 hour in the presence of 
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bootstrap currents. A high duty cycle could be obtained by reversing the plasma 
current when the transformer has reached saturation. 

Continuous operation of a tokamak is more complex in terms of physics and 
equipment. High energy neutral beams or radio-frequency techniques are 
required to drive the current. However, the efficiency of non-inductive cur
rent drive is quite low compared to the use of a transformer and the gain in 
duty cycle might not be significant. In addition to cost and complexity of equip
ment needed for current drive, the recirculating energy would also increase the 
overall cost of electricity produced by an amount which could become a domi
nant factor and condemn such a concept. 

On the other hand, semi-continuous operation requires a moderate in
termediate thermal storage or a set of tokamak-reactors working together. The 
main advantage of continuous operation is to reduce the thermal fatigue of 
components inside the reactor, but as long as the burn time is longer than one 
hour, this may not be important. 

To maintain simplicity and considering the duty cycle and tritium consump
tion in the next machine, a breeding blanket seems an unnecessary complica
tion for an apparatus which is unlikely to test any blanket material at high 
neutron fluence. For the next step, although some test modules of breeding 
blankets could be introduced, only neutron shielding must be provided. 

4.4 Conclusions on a Next-Step Device 
In conclusion, the next generation of tokamaks must demonstrate that an ignited 
and burning plasma at high power with semi-continuous operation can be 
realised. 

The aims of such an experiment should be: 
(a) to study the ignition domain; 
(b) to test wall technology; 
(c) to test some breeding blanket modules for DEMO; 
(d) to demonstrate the potential of fusion as an energy source. 

5. A Specific Concept: JIT 

The main design characteristics of a thermonuclear furnace (JIT) to meet these 
objectives are presented, of which the main priorities are simplicity and stur-
diness of concept'6,7'. Basically, the plasma parameters are scaled up from JET 
by a linear factor of 2.5 and several elements of the JET concept are maintained. 

To minimize technical risk, size of the coils, shielding and overall cost, water 
cooled copper magnets are proposed but superconducting magnets could be 
envisaged, if certain advantages compensated for the extra complexity. Low 
current density is used in the water-cooled copper coils to allow continuous 
operation. It must be noted that a superconducting version would almost be 
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SHIELDING 

TEST BLANKET 
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DIVERTOR 
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CRYO-
PUMP 

20m 

Fig. 4 Cross-section of a thermonuclear furnace (JIT) with a plasma capability of 30MA. 

a demonstration reactor if equipped with blankets. A large flux swing ( ~ 400 V s) 
would also provide the necessary drive to maintain the flat-top currents for 
periods up to one hour. 

A general view of the apparatus is given in Fig. 4. It should be noted that 
the magnetic circuit is also used as a radiation shield around the machine. 
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5.1 Vacuum Vessel, Toroidal Coil and Mechanical Structure 
The device concept is based on a highly integrated and modular construction, 
where all the elements would be manufactured on-site, as transport of such sized 
components would not be possible. 

The machine basically consists of 20 sectors supported radially by a cylinder 
formed by the ohmic transformer. Each of these sectors integrates the toroidal 
coil, the vacuum vessel and the mechanical structure (see Fig. 5). These different 
sectors are assembled together by welding flexible lips. The torque induced by 
the vertical field is taken in shear by the light structure which encloses the toroidal 
coil. The coils are made of single pancakes of water cooled copper corrugated 
to transmit the shear forces, while the insulation remains purely in compression. 

5.2 Poloidal System 
The magnetic configuration contains a single-null X-point where the X-point 
is located in the lower position to allow the foundations to take the extra forces 

SHIELDING ELEMENT 8, SUPPORT 

UELDING LIPS 
VACUUM VESSEL 8. MECHANICAL STRUCTURE 

ENLARGED SECTION 
TOROIDAL COIL 

MAIN COOLING FOR SHE ILD ING 8, TOROIDAL COIL 

TOROIDAL COIL COOLING MANIFOLD 

Fig. 5 Section of a sector of JIT conceived as an integrated element including toroidal coil, 
%acuum vessel and mechanical structure. Toroidal field coils are shown. 
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resulting from the presence of the separatrix and gives more access at the top 
of the machine. This position also decreases the risk of broken tiles falling into 
the plasma. The presence of the Xpoint would allow transient Ηmode opera

tion during the transition to ignition, but its main purpose is to provide plasma 
pumping at relatively high pressure. 
5.3 Internal Shielding and First Wall 
The shielding is made of several elements which could be dissassembled remotely, 
without dismantling the main apparatus. Each of these elements is made of 
a single box structure filled with pebbles of metal directly cooled by water. One 
of the main problems in maintaining shielding efficiency is the presence of gaps 
to allow remote handling and thermal expansion of the different elements. These 
gaps reduce the shielding locally and could induce a high neutron flux in the 
coils. The overall layout includes a series of thicker elements which could easily 
be replaced by reactor relevant breedingblanket test modules (see Fig.6) without 

INNER 
D IVERTOR 
ELEMENT 

DEPOSITION 
AREA 

OUTER 
D IVERTOR 
ELEMENT 

PUMPING 
VOLUME 

TEST 
BLANKET 

GRAPHITE 
PROTECTION

1 

Fig. 6 Divertor region of JIT showing a set of saddle coils which allow sweeping of the thermal 
load on the divertor plates covered with graphite. Pumping is carried out through a slot at 

the base of the divertor. 
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any modifications of the initial shielding and of the plasma parameters. 
The first wall itself is formed by the surface of the shielding box facing the 

plasma with only local protection by carbon tiles which radiate energy receiv
ed at a temperature ~ 1500° K. A continuous deposition of beryllium could en
sure that the first wall seen by the plasma is of beryllium or its carbide to limit 
sputtering and outgassing of the tiles. 

5.4 Divertor 
The divertor presents the main technical challenge in the design of inner wall 
components. This challenge can be reduced to a manageable level if the region 
of high power deposition is expanded over a larger area. This can be achieved 
by moving the X-point vertically or horizontally using a set of internal saddle 
coils. 

5.5 Cost 
The cost of such a device is estimated at approximately 2.4BnECU over a 
period of 8 years. 

6. Conclusions 
JET data shows that a tokamak with a plasma current capability around 30MA 
is required to produce ignition of a D-T plasma in a practical domain. With 
lower values of current, the risk of not achieving ignition is large, if sawteeth, 
impurity radiation, dilution etc., are taken into account. 

In a reactor, the size would be defined by the blanket and this leads to a toka
mak with a current capability greater than 30MA, when optimized. Confine
ment would no longer be the dominant problem. However, uncertainties remain 
in the areas of plasma-wall interaction, fuelling, exhaust and impurity control. 

Technical considerations of stress level, wall loading and economy result in 
a design of a 'Thermonuclear Furnace' producing a thermal output of several 
GW in semi-continuous mode. This device is aimed at demonstrating the poten
tial of a Tokamak Reactor and to test wall technologies and breeding blankets. 
For such a device, priority must be given to simplicity and reduction of techni
cal and scientific risks. 

If a fusion programme is to continue, it is important to build on JET achieve
ments. To meet these objectives a next-step device must be conceived which 
clearly establishes the potential of fusion as a major source of power. Such a 
device must give a high priority to simplicity of design with minimiai technical 
and scientific risks. A Thermonuclear Furnace of several GW— 
JIT is such a device—which seems compatible with present technical and 
financial capabilities. It could prove that fusion is potentially a major source 
of future world energy. 
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JET PROGRESS TOWARDS DT OPERATION 

M. HUGUET, E. BERTOLINI AND THE JET TEAM 

JET JOINT UNDERTAKING, 
Abingdon 

Oxfordshire 0X14 3EA, U.K. 

ABSTRACT 

JET PROGRESS TOWARDS DT OPERATION, M. Huguet 
and E. Bertolini Upgrading of the JET experi
ment has allowed operation at plasma currents up 
to 7MA with material limiter and 5MA in the 
Xpoint mode. Key experimental results include 
record values of the fusion parameter η^χτ^χΤ^ = 
2.5xl0

20
m~

3
.s.keV. Future machine enhancements 

include cooled target plates for high power 
Xpoint operation, beryllium as a first wall 
material and a 12MW Lower Hybrid Current Drive 
system in order to achieve peaked plasma 
profiles. The plant which will reprocess the 
tritiated exhaust gasses from the torus and 
torus systems is described as well as work 
progress in safety analysis and waste handling. 
Recent developments in the area of remote 
handling are briefly reviewed. 

INTRODUCTION 

JET is the central and largest experiment 
of the Fusion Programme of the European 
Community. JET was established with the aim of 
extending the plasma parameters to values close 
to those required in a fusion reactor and to 
operate with deuteriumtritium (DT) mixtures 
for the study of the production and confinement 
of α particles and their heating effect on the 
plasma. JET operation started in June 1983 and 
the basic machine reached its full design rated 
values of toroidal field and plasma current in 
1985. The physics results established JET as 
a world leading fusion machine but confirmed one 
of the key problems of fusion research today, 
ie. , the degradation of the energy confinement 
with increasing heating power [1]. Although 
disturbing, this result was of major importance 
and triggered a comprehensive reappraisal of the 
JET experimental programme. The new JET 
•development plan was presented first in 1986 and 
includes a number of measures designed to 
circumvent the problems of confinement degrada
tion. Since JET results showed that energy 
confinement improved at higher plasma currents, 

a major feature of the new plan is the require
ment to operate at plasma currents up to 7MA, 
ie. , well above the design values. This new 
requirement initiated the so called "7MA Study", 
a comprehensive engineering reassessment of the 
thermomechanical behaviour of the machine 
components and its power supplies [2]. 

This paper presents the main results of the 
"7MA study", the progress achieved so far in the 
implementation of the new development plan and a 
summary of the key physics results. It shows 
that many of the fundamental questions which 
remain to be solved for JET are also relevant 
for the next generation of machines and to a 
significant extent also for future fusion 
reactors. It is therefore expected that the JET 
results in the years to come will continue to 
play a most prominent role in the orientation of 
the world programme. Moreover, with the date 
for the introduction of tritium into JET getting 
closer, the preparation for the DT phase has 
intensified. The paper describes the 
achievements and future plans in the areas of 
remote maintenance and tritium handling which 
will make of JET a unique test bed for DT 
fusion experiments. 

MAIN RESULTS OF THE 7MA STUDY 

It can be seen from Table I that the 
objectives of the 7MA Study were very ambitious 
since they called for a new operation regime 
(Xpoint) and for a considerable extension of 
machine design parameters. The values shown in 
Table I for the plasma current and flat top 
duration are the target values which were 
selected, following a very preliminary 
engineering analysis, as being the likely upper 
limits of what can be safely achieved in JET. 
The requirements in terms of current, pulse 
duration, and flux swing for the toroidal and 
poloidal field systems are also shown in the 
table. Problems to be expected were both 
mechanical and thermal due to the increase in 
current and flat top duration. It is a 
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Table I. bjectives of th» 7MA Study 

Parameter 

Plasma current (limiter 
configuration) (MA) 
Plasma current (X point 
configuration) (MA) 
Plasma current flat top 

Plasma elongation b/a 
Toroidal field (Tesla) 
Toroidal field flat top 
duration (s) 
Primary winding current 

at 4.8MA(s) 
at 7MA (s) 

(kA) 
Primary winding flux swing (Wb) 

Original 
Design values 

4.8 

Not foreseen 
10 

Not foreseen 
1.67 
3.45 

12 
40 
34 

Objectives of the 
7MA Study 

7 

6 


10 
v. 2 
3.45 

17 
60* 
42 

(Note* 60kA in the 6 central c ils only) 

remarkable result that due to the inherent 
flexibility of the JET design, these new 
conditions have been found possible at the 
expense of only minor modifications to the 
apparatus and subsystems. 

Forces acting on the Vacuum Vessel 

A major task of the 7MA study was to 
characterise better the forces acting on the 
vacuum vessel during radial disruptions and 
vertical instabilities. These forces can indeed 
reach dangerous levels when the events are 
initiated at currents in excess of 5 6MA. 

During radial disruptions, the sudden 
change of the poloidal field configuration 
induces eddy currents which flow in the vacuum 
vessel in the toroidal direction. These eddy 
currents interact with the poloidal field to 
give forces which are distributed mostly at the 
outboard part of the vessel. These forces 
produce a large resultant centripetal force but 
they do not give rise to unacceptable stress in 
the vessel structure. 

JET plasmas have a poloidal β (ßDOi) below 
unity and exhibit paramagnetic behaviour. 
During a disruption, the change in paramagnetic 
toroidal field flux induces eddy currents which 
flow in the vessel in the poloidal direction. 
These currents interact with the toroidal field 
to give forces which are distributed iminly at 
the inboard part of the vessel. These forces 
result in large radial deflections (10mm at 6MA) 
at the inboard wall of the vessel and they also 
initiate lirge amplitude radial oscillations 
(6mm at 6ΜΛ) of the vertical ports. When the 
disruption occurs at a plasma current in excess 
of 6ΜΛ, the yield limit of the material (Inconel 
600) is exceeded over a significant area it the 
base of the ports and structural fiilure would 
be expected after onl> a few hundred to a few 

thousand disruptions. 

Vertical instabilities have long been 
known to be a major hazard for the structural 
integrity of the vacuum vessel [3]. In verLical 
instabilities, the pattern of eddy currents in 
the vessel is still not fully understood. The 
forces acting on the vessel have been calculated 
by means of an equilibrium code [4] and also 
from more simple force balance considerations 
[3] . The phenomenon has also been investigated 
experimentally. The vertical resultant force 
has been measured by means of an array of strain 
gauges attached to the vessel supports. The 
forces have also been inferred indirectly from 
the dynamic displacements observed at vessel 
ports. Although there are still discrepancies 
between calculated and measured values, it is 
clear that the vertical force would reach an 
amplitude of 6000 to 10,000 kN for the envisaged 
plasma scenarios at currents of 6 to 7MA [5] 

As an outcome of this study, the following 
remedies were proposed and adopted: 

a) The inboard part of the vessel will be 
reinforced by toroidal Inconel rings 
welded inside the vessel [6] . These 
rings will decrease the radial 
deflection of the vessel wall and 
virtually eliminate the radial 
oscillations of the vertical ports 
during plasma disruptions. 

b) The vertical forces acting during 
vertical instabilities are already 
contained by inerţial brakes [2] . 
These brakes will be complemented by 
hydraulic dampers linking the vertical 
ports to the mechanical structure in 
order to slow d wn the radial dis

placement of the ports due to the 
rocking motion of the vessel. 
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c) Experimental and theoretical investig
ations agree that the vertical forces 
acting on the vessel during an 
instability is a complex function of 
the plasma current, of the currents in 
the various poloidal field coils which 
control the plasma elongation, and of 
the safety factor q. A formula has 
been established in a semi-empirical 
way to express the so called F 
parameter which appears to be 
proportional to the vertical force 
acting on the vessel [5] . 

F = 
where 

i; : 
IP dp - 1ANSIS + 300 ID) (MA)2 

plasma current (MA) 
shaping current"(MA) 
current difference between the 
centre and end coils of the 
primary coil (MA) 
the number of turns in the 
shaping circuit 

Table II summarises the results of the study. 

Table II. Summary of forces acting on the 
vacuum vessel during radial disruptions cr 
vertical instabilities (all forces in kN) 

Radial disruption 
at 7MA. (Disrup
tion time = 10ms) 
Force due to 
toroidal currents 
Force due to 
poloidal currents 

Vertical instab
ility at 6MA 

Atmospheric 
pressure 

Total 

Radial force 

12,600 

6,800 

(see note) 

6,000 

25,400 

Vertical force 

0 

0 

6,000 -
10,000 

0 

6,000-10,000 

Note: There is radial force during the 
initial vertical displacement of the plasma. 
However, when the q = 2 surface of the plasma 
intersects the wall of the vacuum vessel, a 
disruption occurs. This gives rise to radial 
forces which are not symmetrical with respect to 
the equatorial plane of the machine. 

Safe operation has been achieved by the 
administrative control of the F-parameter 
below 75(MA)2 during the 1988 experimental 
campaign. The measures a) and b) described 
above should allow operation with F-values 
in excess of 100(MA)2 which is required for 
X-point configurations at plasma currents 
up to 6MA. 

Toroidal Field Coils 

Table I shows that no attempt has been made 
to increase the value of the toroidal field. 
This decision is based on the following 
considerations = The peak tensile stress in the 
copper brazed joints of the coils is of the 
order of lOOMPa and fatigue life data indicates 
that the stress level could in principle be 
increased. Fatigue life assessments are however 
of a statistical nature and must be considered 
cautiously. There is indeed a possibility that 
a few brazed joints, out of a total of 1536 
joints in the coils, are weaker than expected 
due to undetected internal defects. A joint 
failure would produce initially an internal 
cooling water leak which would degrade the 
electrical insulation and ultimately lead to an 
electrical fault. In the present conditions, 
the replacement of a toroidal field coil would 
represent a major disruption to the JET 
experimental programme. During the D-T phase, 
such an event would probably terminate the JET 
programme. For these reasons, operation at a 
field above the design value of 3.A5T is not 
being considered for the time being. Operation 
at 4T may however be attempted towards the very 
end of JET operation if the benefit versus risk 
analysis of such operation justifies it. 

The requirement to extend the flat top 
capability of the toroidal field magnet has been 
achieved by using cooling water chilled down to 
7-10°C. Interlocks prevent operation if the 
water temperature falls below the dew point 
temperature in the torus hall. The flat top 
duration has been increased from 12 to 17 
seconds at 3.5T. 

Operation at higher plasma current 
increases stresses on the toroidal field coils 
due to the higher poloidal field crossing the 
coils. The most critical areas are the upper 
and lower portions of the D-shape of the coils 
in the vicinity of the transition between the 
straight and curved parts. In these areas the 
coil are supported against azimuthal forces by 
the inner cylinder and the collar tooth. 
Extensive analytical work revealed a fairly high 
level of shear stress and an experimental 
confirmation of the strength of the coils was 
therefore necessary. The prototype coil was 
subjected to, and survived without failure, a 
severe run of mechanically applied cycled loads. 
Results summarised in Table III show that 
operation at high plasma current is possible. 
Details are available in [7]. 

Primary Coil 

A reduction by a factor 2 to 2.5 of the 
stray fields which are detrimental at plasma 
breakdown, was obtained by adding 2 subcoils to 
the coil stack, thus bringing the number of 
subcoils to 10[8]. In order to increase the 
flux swing from 28Wb to A2Wb, the primary 
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Table III. Toroidal field coils stresses at high plasma current 

Parameter 

Force at collar tooth (kN) 
Shear stress between turns 
or pancakes (MPa) 
Number of cycles 

Original Design 
value 

500 
10 

-v.20,000 at full 
rated values 

Most severe values 
expected during 
operation at high 
plasma current 

700 (7MA limiter) 

16 (7MA limiter) 

-v. 5,000 

Value achieved 
during test of 
prototype 

1,250 

28 
10,000 

current in the six central subcoils was 
increased from A0 to 60kA. From a purely 
mechanical point of view, this was found to be 
possible because the toroidal field coils exert 
an inward pressure which balances the increased 
outward pressure. The thermomechanical analysis 
of the coil however identified severe thermal 
stress due to temperature gradients [7] . For 
this reason, a new cooling loop was designed and 
installed. The cooling water is circulated in a 
closed loop and the water temperature is brought 
down slowly and in a controlled way after a 
pulse, so that temperature gradients due to 
incoming cold water are avoided. With these 
modifications the primary coil now has the 
current and flux capability shown in Table I. 

Magnetic configuration 

A major advance was made in 1987 when new 
single-null configurations were investigated 
with a view to minimising the lateral forces 
acting on the toroidal field coils. It was 
found that those forces could be significantly 
reduced if the outer poloidal field coils for 
the vertical equilibrium field (coil no. A) were 
made to contribute to the up-down assymmetry of 
the configuration. A current imbalance between 
the upper and lower coils no. A, together with 
the contributions of coils nos. 1, 2 and 3, pro
duces a more favourable pattern of the poloidal 
field crossing the toroidal field coils. Such a 
single null configuration, as shown on figure 1, 
will allow X-point operation in the single null 
mode up to a plasma current of 6MA. 

Conclusion 

The main conclusion from the 7MA study is 
that the electromagnetic system, ,ie., coils and 
power supplies, would allow operation at plasma 
currents in excess of 7MA in the limiter mode 
and X-point mode of operation. The main limita
tion seems to come from the mechanical problems 
associated with the forces acting on the vacuum 
vessel during the vertical instabilities. This 
will set a limit to the plasma current in the 
X-point mode in the region of 6MA. 

STATUS OF SYSTEMS DURING THE 1988 EXPERIMENTAL 
CAMPAIGN AND PROGRESS IN THE IMPLEMENTATION OF 
THE NEW DEVELOPMENT PLAN. 

Z(m) 0 

B(m) 

Fig 1: 
discharge with I_ = A.5MA. 
represents the vacuum vessel. 

Magnetic flux surfaces for a single null 
The shaded area 

The cross-
sections of the toroidal belt limiters and ICRH 
antennae are also shown. 

First wall components and first wall 
operating condition 

The basic elements of the present first 
wall configuration were installed during a 
shutdown early in 1987. Some further 
improvements were also implemented during short 
maintenance periods in 1988. 

The inboard wall of the vacuum vessel is 
completely covered with graphite tiles. These 
tiles have been carefully realigned in order to 
achieve a more uniform power distribution, and 
allow operation scenarios with the plasma 
leaning against the inboard wall. This mode of 
operation is important since it provides a very 
effective wall pumping effect. The energy which 
can be deposited on the inboard wall tiles has 
been limited so far to A0MJ per pulse. The 
tiles near the equatorial plane receive a high 
heat flux during disruptions and have been 
replaced by carbon fibre reinforced (CFR) 
graphite [9]. Such CFR tiles sustain the heat 
load well during disruptions or runaway impacts 
and provide also an effective wall protection 
against neutral beam shine-through. Tests have 
shown that power loads up to 3kW/cm2 can be 
sustained for typically A seconds. 
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The outboard portion of the wall is 
protected by 40 graphite tile rings in the 
poloidal direction. For Xpoint operation, wall 
protection tiles in the vicinity of the Xpoints 
have been specially shaped and carefully aligned 
to allow a total energy deposition up to 50MJ 
per pulse. 

In the limiter configuration, the plasma 
normally leans against the two outboard toroidal 
belts of the belt limiter. This limiter, with a 
power handling capacity of 40MW for 10 seconds, 
is made up of graphite tiles mounted on a water 
cooled radiation structure [10]. There are also 
eight ICRH (ion cyclotron resonance heating) 
antennae with water cooled electrostatic screens 
and lateral graphite protections of a design 
similar to that of the belt limiter. 

In 1988, the vessel and invessel 
components were normally maintained at a 
constant temperature of 300°C during operation 
except for the water cooled belt limiter and 
antennae screens and protections. The presence 
of water cooled components inside the vessel 
made recovery from disruptions extremely time 
consuming. The problem was attributed to the 
release of hydrogen trapped on the water cooled 
components. Glow discharge cleaning in helium 
as experimented in .Textor appears to detrap 
hydrogen and in addition seems efficient in 
removing impurities like oxygen [11]. Helium 
glow allows removal of oxygen in the form cf 
carbon oxides and also enhances the pumping 
capability of the wall. The latter phenomenon 
was used to reach high ion temperatures at low 
densities in the socalled hot ion mode. Major 
sources of high Ζ impurities were found to be 
the antenna screens which released nickel into 
the plasma. Glow discharge with a mixture of 
deuterium and methane (carbonisation) can cover 
the walls and the screens with a hard carbide 

layer, which temporarily suppresses metal 
contamination. Carbonisation was used success
fully several times in 1988 although it renders 
density control and recovery from disruptions 
more difficult. 

Electromagnetic systems 

The new poloidal field power supply 
circuit is shown on Figure 2. This circuit has 
been subject to major alterations in 1987 and 
1988 in order to meet the requirements of 
upgraded operation. New systems listed below 
have considerably enhanced the capability of the 
circuit and increased the flexibility of 
operation. 

The PFX power supply [12] is connected 
to the 6 central subcoils of the primary 
winding and performs the following functions: 

 Active control of stray fields at 
breakdown. 
Enhancement of the flux swing up to 
42Wb by supplying 60kA to the 6 
central sub coils. 

Establishment of Xpoint 
configurations by promoting leakage 
flux in the area of the Xpoint. 

The switching network [13] controls 
the derivative of the plasma current during the 
early phase of the discharge and thereby allows 
an optimisation of the flux swing consumption 
and plasma current profile. 

The vertical field amplifier [7] has 
been split into 2 units in order to allow, by 
means of a mid point connection, imbalanced 
currents between the upper and lower coil no. 4. 
This has permitted Xpoint operation up to 5MA. 

PVFA 22 

PVFA21 

Fig 2: Simplified schematic of the poloidal field circuit power supplies. New additions 

U )
 U
the switching network (Thyristor switches Tx to T6 and resistors R,χ to R„), 

(b) the PFX power supply with associated filters and protective diodes , 
(c) the vertical field circuit PVFA 3 and 4 with temporary booster (PVFA 21 and 2 l) 

and midpoint connection for Xpoint operation. 
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Fuelling and heating systems 

Under a JETUS DOE Collaboration, pellet 
fuelled discharges, using an Oak Ridge National 
Laboratory pellet launcher, have c ntributed 
significantly to physics results in 1988. The 
injector can deliver 2.6, 4 and 6mm pellets at a 
velocity of l1.5km/s and with a repetition rate 
between 5 and 1Hz [14]. 

The neutral beam injection system includes 
two boxes each with 8 χ 80kV, 60A injectors. 
Due to a combination of power supplies problems 
and beam line components failures, in particular 
water leaks inside the vacuum enclosure, it is 
only towards the end of the operating period 
which is reported here that the injected power 
reached 21.6MW exceeding the design value of 
20MW. Work is underway to convert the injectors 
for operation up to 160kV as required for 
tritium beam injection. 

An upgrade of the ICRH generators was 
initiated in 1988 by replacing the 1.5MW 
tetrodes with new 2MW tetrodes, thus allowing 
the antenna to be supplied with 4MW power during 
10 seconds. With 5 generators out of 8 being 
upgraded the JET ICRH system has been able to 
couple 18MW of heating power to the plasma. 

BRIEF REVIEW OF THE EXPERIMENTAL RESULTS 
OBTAINED IN 1988 

Although many new systems were brought into 
operation in 1988 and required some commission
ing timo, the 1988 experimental campaign was 
extremely rich in achievements made indeed 
possible by these new systems. The main 
operational achievements are summarised as 
follows : 

Plasmi current up to 7MA. 
Routine operation with plasma current 
up to 6MA. 
Routine X point operation at plasma 
current up to 5MA. 
Routine H mode operation at plasma 
current up to 4.5MA. 
Long plasma current pulse durations 
including: 

10s flat top at 5MA. 
. 6s flat top at 6MA. 
Quasi steady state conditions at 3MA 
with 6MW of RF heating power for 20 
seconds and T e and T i both above 5keV. 
High power heating pulse with a dura
tion in excess of 6s. 
Total power delivered to the plasma in 
excess of 34MW. 

The plasma parimeters achieved include 
[IS]: 

Production and heiting of highly peaked 
density profiles with ñ greater than 
10

30
m
 3 with pellet injection. 

Peaked temperature profiles with 
sawteeth relaxations stabilised 
("monster sawteeth") for more than 3 
seconds. 
Electron and ion temperatures simultan
eoulsy above lOkeV during a discharge. 
Total thermal energy content greater 
than 10MJ. 
A fusion parameter ñ^ χ τ £ χ Τ^ = 2.5 
χ 10

J O nr3
.s.keV. 

(Η mode operation). 
An equivalent Q D T in the region of 0.3 

(Q Fusion power 
Total heating power 

These new results are very encouraging and 
confirm JET in its prominent position in fusion 
research. 

The following observations can be made 
about the results. 

i) The degradation of the energy confine
ment time Tp with input power remains 
the main cause for the limitation of 
JET performance. Figures 3 and 4 
illustrate this effect for L and H 
mode operations. It should be noted 
that in the range of parameters 
explored so far the H mode confinement 
time is approximately a factor 2 
better than the L mode confinement 
time at the same heating power and 
plasma current. The degradation with 
input power is however at least as 
severe for II mode as for L mode. It 
is also important to observe that the 
scaling of rF with the plasma current 
confirms the need for and fully 
j_u stif ie s ţh e JET policy for high 
current operation. 

ii) The peakedness of the density and the 
temperature profiles plays a major 
role in the achievement of a high Q. 
The peaked density profiles after 
pellet injection (ñe/<ne>'v3) and the 
peaked temperature profiles during 
"monster sawteeth" (Te/<T >·\·2.5) seem 
to open up exciting possibilities. It 
will be necessary however to sustain 
the peakedness for longer times than 
achieved so far. It will also be 
necessary to assess whether peaked 
density profiles will also entail 
peaked impurity profiles. 

iii)The results achieved with H mode, 
pellet injection and stabilised 
sawteeth are of a transient nature. 
It has not been established whether 
such results can be extrapolated to 
the quasi steady state conditions 
required in a fusion reactor. L mode 
results on the contrary are steady 
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state and can confidently be extra
polated to reactor conditions. In the 
L modo, the best value of the fusion 
parameter is of the order of 1 
m"

3
.s.keV. 

10
J
° 

19 JUNM ΚΤΛ3ΡΑ 

10 

P,„,dW/dl(MW) 

Fig 3: Measured energy confinement tg time as a 
function of total power flow for JET limiter and 
.L mode discharges, τ = [W/(P  ̂  )] where 

W = Total plasma energy 
Ρ = Total power input 
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Fig A: Measured energy confinement time as a 
function of total power flow for JET H mode 
discharges. 

SOME FUNDAMENTAL QUESTIONS FOR THE DEVELOPMENT 
OF FUSION ENERGY = HOW CAN JET CONTRIBUTE TO THE 
ANSWERS? 

There are a number of fundamental 
■ questions which will determine the JET level of 
performance during the DT phase, and will also 
strongly affect the designs of the next genera
tion of machines. 

Can the plasma purity be improved? 

Λ low effective charge ( Ζ f r) is 
essential to reduce radiation losses and the 
fuel dilution effect. At present, with 50% 
graphite coverage of the walls, the contribution 
from the metal walls to Ζ ţţ is negligible. 
Nickel contamination from the antenna screens is 
however serious and can be reduced, but only 
temporarily, by carbonisation. After carbonisa
tion, Ζ fţ is typically 2 and is due mostly to 
carbon (up to 5%) and oxygen (̂ 0.5%) contamina
tion. Zpff values close to unity have been 
achieved after pellet injection but it is not 
clear whether this can be maintained in quasi 
steady state conditions. 

In most JET discharges, the fuel dilution 
(defined as the ratio of the deuterium density 
to electronic density) is below 0.5. Values 
closer to 1 have been achieved but in transient 
conditions only with pellet fuelled discharges. 

For future machines it is important to know what 
values of Ζ f f and dilution factor can be 
reliably achieved and maintained. Operation at 
low Ζ ff and without oxygen contamination may 
prove beneficial as is suggested by the 
interesting Textor results with boron [16]. 

For these reasons JET plans to experiment 
with a low Ζ beryllium first wall [17]. The 
tiles of the belt limiter and antenna protec
tions will be replaced by beryllium tiles and 
the water cooled nickel screens of the antennae 
will be exchanged for conduction cooled 
beryllium screens. The rest of the vessel walls 
and graphite protections will be covered by a 
510μπι thick beryllium layer. Beryllium 
evaporators are being tested for this purpose. 
Beryllium use in JET may start in 1989. 

It is expected that operation with 
beryllium should reduce radiation losses at the 
plasma edge and consequently reduce the 
occurrence of disruptions. It is not easy to 
predict whether the fuel dilution will be 
increased or reduced with beryllium compared 
with carbon. This will be a most interesting 
and crucial result of the planned beryllium 
experiments. 

What is the relevance of H mode operation for 
future machines? 

The best values of the fusion para

meter ή·χ τ χ Tachieved so far on JET were 
obtained in H mode operation [18]. This raises 
important questions regarding the relevance of Η 
mode operation for future machines. 
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First, will H m de c nfinei.ent at high 
heating ρ wer, in luding α particle heating, 
continue to surpass L mode onfinement by a 
factor 2? 

Second, in view of the very long particle 
confinement times and the resulting impurity and 
α particle accumulation effects, can H mode 
confinement be maintained for quasi stationary 
conditions? 

With up to AOMW of additional heating 
power, JET should answer the first question 
relatively unambiguously, provided we learn h w 
to couple some ICRF power into H mode 
discharges. The DT phase should also give some 
indication on the effect of α particle heating 
on H mode confinement. 

With the cipability to surtain X point 
configurations for up to 10 seconds, JET should 
also provide information on the second question. 
JET should also be able to experiment with 
impurity flushing scenarios involving a sequence 
of alternate Η and L modes. 

allows peaked temperature profiles to be 
maintained for several seconds. The JET Lower 
Hybrid Current Drive (LHCD) system should 
flatten the current profile, increase the 
central value of the safety factor q, and 
therefore promote stabilisati η of sawteeth. 
The prototype LHCD system will provide a power 
of 2MW and will be available in 1989. The full 
system should be able to drive up to 2MA 
currents in the outer region of the plasma by 
means of 24 klystrons (3.7GHz) each capable of 
delivering 500kW for up to 20 seconds [21] 
[22]. 

Can plasma disruptions be controlled? 

Disruptions pose a serious threat for JET 
and for any future tokamak. They are detri
mental to nearly every component of the machine 
due to: heat loads on first wall components, 
mechanical loads on first wall, vacuum vessel 
and toroidal field coils; voltage spikes on 
insulators and coils. Therefore to learn how to 
avoid them or at least how to mitigate their 
effects. 

To meet the requirements of high power 
X point discharges, water cooled dump plates 
will be installed in 1990 at the top and bottom 
of the vessel. These dump plates will carry 
graphite tiles attached onto a water cooled 
structure. They will be able to sustain full 
power, ie., AOMW, and full duration, ie., 10 
seconds, discharges in the double null config
uration. In the single null configuration, the 
pulse duration may have to be reduced to a value 
smaller thin 10 seconds, depending on the amount 
of power radiated to the walls. 

Cin_peiked profiles be maintiined in order 
to enhmce the reactivity? 

JET has already had some success in 
sustaining additionally heated peaked density 
profiles for several seconds [19]. This was 
made possible by an early injection of pellets 
during the current rise and before the onset of 
sawtooth relaxitions. These techniques will of 
course hive to be perfected but in any case, 
will also require higher pellet velocities for 
deep fuelling of hot dense plasmas. JET, in 
collaboration with CEA (France) are developing a 
two sti£0 pneunitic gun able to deliver pellets 
at velocities in the range of 5km s. So far 
plastic pellets have already been accelerated up 
to velocities in excess of 4km s. A prototype 
single shot gun is expected t be aviilable 
in 1983 md a rejetitive system should be 
devel pod in 1990 [20]. If this technology can 
be extrnpolited to velocities in the ringe of 
10km s, it nnv prove an effective fuelling 
method for the next generation of mi hines. 

The st ib i 1 ir it ion of siwt oth relaxaţi η 
("m nster siwto th") his been observed in JET 
with both ICRF and neutral beim h ating and 

The JET scheme to control disruptions is 
to produce, by means of a set of internal saddle 
coils, a magnetic perturbation which will oppose 
the m=2, n=l mode associated with the disruption 
phenomenon. These coils would be supplied by 
feedback amplifiers with a capability of a few 
kA and a frequency response variable from 0 to 
10 kHz. 

What will be the effect of αparticles on 
the plasma? 

With an expected α particles power in the 
range of 3 to 6MW [15], the heating effect in 
the JET plasma core should be significant. The 
long JET pulse duration should also allow a 
meaningful study of αparticle accumulation in 
the centre of the discharge. Another important 
contribution of JET will be the study of the 
effect of αparticles on confinement. It is 
indeed important to note that in JET, the 
density of αparticles relative to the plasma 
density should be similar to that expected in an 
ignited plasma. This should allow the study of 
key confinement issues such as the stabilisation 
of sawteeth by the fast αparticles. 

OVERVIEW OF PREPARATION FOR OPERATION WITH 
TRITIUM 

Apart from the construction of tritium 
handling facilities and the development of 
remote maintenance techniques, there are many 
other tasks which have to be completed before 
tritium operation can start. The main tasks are 
listed below: 

Engineering review of all systems which 
are in contact, or may be contaminated 
with tritium in order to check their 
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compatibility with DT operation 
conditions. 
Installation of a radiological 
protection instrumentation system. 
Procurement of tritium and transporta
tion arrangements. 
Construction of facilities and 
development of procedures for the 
handling of active wastes. 
Submission of safety reports to the 
safety authorities. 

These various activities require a large 
coordinated effort in order to meet the tight 
JET schedule which as shown on Table IV calls 
for a start of tritium operation during the 
second half of 1991. In particular the 
engineering work and the preparation of safety 
reports must progress in parallel, and this 
calls for a very close working relationship 
between the designers and the safety engineers. 
At JET the tritium work has been split between 
two groups within Fusion Technology Division: 
one group is responsible for the design and 
construction of the plant and the other group 
deals with all safety matters. This 
organisation provides a framework for a close 
collaboration between the two groups while 

' ensuring that the safety analysis are carried 
out independently from the pressure of 
engineering requirements. 

RECENT DEVELOPMENTS IN THE AREA OF REMOTE 
MAINTENANCE 

The JET remote handling scheme has been 
described elsewhere [23,24]. The overall system 
includes large transporters for work inside the 
vacuum vessel and on the outer surface of the 
machine, end effectors and special tools for 
specific operations, and a viewing system. All 

systems are controlled from a dedicated remote 
handling control room. In this paper only the 
most important recent developments are briefly 
reviewed. 

The articulated boom for work inside the 
vessel has been used on several occasions and is 
now fully computer controlled. Teach and repeat 
motion and resolved motion of the tip of the 
boom have been successfully commissioned and new 
software packages for obstacles avoidance are 
being experimented. The Telescopic Articulated 
Remote Mast (TARM) for work on the outside of 
the machine is fully designed and construction 
has started. Installation at JET and tests are 
planned to start by mid1989. 

A major progress was the upgrade of the In 
Vessel Inspection System (IVIS) to allow viewing 
at a vessel temperature up to 300°C. The 4 
inspection probes have now been fitted with 
water cooled jackets and radiation shields which 
maintain the cameras at a temperature of 30°C. 
The illumination of the inside of the vessel has 
also been greatly improved by means of 7 quartz 
light pipes which can be inserted inside the 
vessel by means of bellows. The light sources 
outside the vacuum vessel can be easily replaced 
if required [25] . 

A programme of scale 1 mock up tests has 
been initiated. The effort has concentrated so 
far on "invessel" operations using the 
articulated boom. The spare vacuum vessel 
octant and spare components of the belt limiter 
and RF antennae are being used for this work. 
In order to simulate the viewing conditions of 
"in vessel" work, the spare vessel octant, is 
enclosed in a black box and lighting is provided 
by the actual "in vessel" light pipes and flash 
lights. Mockup tests have also started to 

Table IV. Time schedule for tritium related work 

Time scale 1988 1989 1990 1991 1992 

Tritium building 

Active gas handing system 

Systems compatability studies 

Radiological instrumentation 

Waste handling 

Safety reports 

Tritium operation 

Construction 
1 i ' 

D J h 

H h 

Δ Ι Δ 
Preliminary Final 
Report . Report 

Systems Reviews 

Δ Δ 
Tritium Tritium 
on site inAGHS 

Start of JET 
tritium operation 

D = Design, I=Installation, C=Commission, Ρ = Procurement 
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Fig 5: Schematic of the JET active gas handling system 

rehearse the replacement of neutral beam ion 
sources (PINI) . 

THE JET ACTIVE GAS HANDLING PLANT: A PROTOTYPE 
FUSION FUEL RECYCLING LOOP 

The JET tritium handling facility is called 
the "Active Gas Handling System" (AGHS) and will 
recycle the exhaust gases from the torus and 
torus systems. It will receive all pases from 
the torus, neutral injectors and pellet 
injectors, purify these gases from impurities, 
separate the hydrogen isotopes and store them 
for reuse. In addition the plant will include 
an impurity processing system for the extraction 
and recovery of tritium from impurities such as 
methane. The plant will also include an exhaust 
dotritiation system, the main function of which 
will be to allow maintenance work inside the 
vessel. To this end, an inward air flow will be 
maintained through the torus opening in order to 
reduce back diffusion of tritium to the Torus 
Hall. The plant will be located in a dedicated 
building. A schematic diagram of the main 
foods, exhausts and imin systems of the AGHS is 
shown on Figure 5. The details of the design of 
the plant have been described elsewhere [26]. 

The JET AGHS will be the first fusion fuel 
recycling loop to operate on a fusion machine. 
Its operation will therefore represent a major 
milestone in the advance of fusion technology. 
Furthermore, many design features of the plant 
point to the future and make it quite relevant 
for the next generiti η of machines. 

a) For each system the double containment 
is provided by bakeable vacuum vessels 
rither thin glove boxes. This leads to 
an opon, in lust rill like, phut con 
figuration which is well suited to 
1 ìrge scile installations. The va uum 
vessel containment principle also 
reduces the need for large air detriti
ations system, and the bakeability of 

systems facilitates decontamination 
procedures before maintenance work. 

b) Static cryogenic systems have been 
selected whenever possible rather than 
systems using mechanical pumps or 
chemical beds. The pumping and 
purification functions are entirely 
performed by cryogenic pumps. The 
isotope separation is provided by 
cryogenic distillation columns. The 
long term reliability, waste free 
operation and low maintenance require
ments of these cryogenic systems make 
them strong candidates for future 
fusion applications. 

c) The generation of active wastes has 
been minimised by the impurity 
processing system. The present design 
relies on hot uranium beds to crack 
water molecules and some uranium 
wastes are therefore generated. 
Development is however underway to 
minimise further the production of 
wastes. Regenerable hot iron beds have 
already been tested to crack water 
molecules. Alternatively, hot graphite 
beds may crack impurity molecules 
directly. 

d) The JET AGHS design is based on a daily 
throughput of 30g tritium. Such a 
throughput capability is very close to 
that required for the next generation 
of machines. 

In conclusion, the JET AGHS plant could be 
considered as the prototype of the fuel 
recycling loop of an ignition machine. A fusion 
reactor will of course require additional 
and more complex systems for the recovery and 
processing of tritium from blanket breeding 
materials. 
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TRITIUM RELATED WORK 

Engineering review and compatibility of 
systems for tritium operation 

Since the early phase of the JET design, 
considerable attention has been given to making 
the machine and all associated systems suitable 
for operation with D-T mixtures. The 
consequences of this design philosophy in terms 
of component design, building design and site 
layout, have been far reaching and have already 
been described [27]. Prior to the start of 
operation with tritium, it is nevertheless 
necessary to carry out a comprehensive appraisal 
of each system with a view to reassess the 
design and analyse safety aspects in relation to 
all operation scenarios and fault conditions. 
This work which will become an important part of 
the Safety Analysis report, must identify 
design modifications and will result in the 
establishment of operation and maintenance 
procedures. The systems to be reviewed include 
those directly connected or related to the 
torus, ie., the vacuum pumping, the gas baking 
system, neutral beam systems, radiofrequency 
heating and current drive systems, and 
diagnostics. Other systems to be investigated 
'are cryogenic systems, water cooling systems, 
building ventilation and shielding and fire 
fighting systems. 

From experience in JET, it can be 
concluded that a breach of the vacuum enclosure 
is most likely to occur at bellows or vacuum 
feedthroughs. For this reason, most components 
use double bellows containment and guard vacuum 
behind feedthroughs. For diagnostics using 
optical windows, it is planned to develop double 
windows, since window failure has occurred 
several times during JET operation. 

It is important to note that this double 
containment philosophy stems from the require
ment to allow operation to continue after the 
failure of one barrier of the double contain
ment. The double containment is not always 
necessary from the safety point of view. This 
is because the Exhaust Detritiation System will 
be able to maintain an inward flow of air 
through any vacuum leak on the apparatus, and 
thereby prevent any significant tritium release 
to the environment. 

The decision to use tritium beams to fuel 
and heat D-T plasmas has required a full 
reappraisal of neutral beam systems. A major 
problem is related to the quantity of tritium 
which will accumulate on the cryopumps of the 
neutral injectors. The expected consumption of 
tritium gas for the ion sources and for the 
neutralisers is estimated to be of the order of 
0.5g for an 8 second long beam pulse. The 
inventory of tritium after a day of operation 
with 20 pulses could therefore reach 10g. 
Faults such as vacuum leaks, internal water 

leaks or cryogenic fluid internal leaks could 
set this inventory free in what is essentially a 
single containment vessel. The safety analysis 
in progress will result in operation instruc
tions and emergency procedures. In particular 
the case of a small internal water leak is being 
investigated in great detail, since it is one of 
the most probable accidents. It appears that 
the contamination of water by tritium can be 
greatly reduced by regenerating the helium 
cooled panels and thereby evacuating the tritium 
inventory towards the AGHS, while the water is 
kept frozen as ice or snow inside the neutral 
beam injector box. 

Radiological instrumentation 

A comprehensive radiological monitoring 
system is already operational at JET for D-D 
operation. It includes fixed gamma and neutron 
monitors and a personnel dosimetry system [28]. 
Further instruments are required for the 
detection of tritium, radioactive gases such as 
Ar'1 and N13 resulting from the air activation, 
and radioactive dust. The devices to be 
installed will be: 

Fixed monitors in active and 
non-active areas and exhaust stacks. 
Portable monitors for tritium. 
Monitors for operational and waste 
fluids (water, helium loop, cryogenic 
fluids, SF6 gas). 
Environment monitors for tritium in 
air and liquids. 
Personnel tritium in urine monitoring. 

The complete system is expected to be 
operational by the end of 1990. 

Active waste handling 

Work on the identification and classifica
tion of wastes originating from D-T operation at 
JET has resulted in the estimates shown on 
Table V. [29] 

Handling of active wastes is intimately 
related to remote handling since storage and 
decontamination of remote handling tools will 
require the same facilities. The existing 
access cell and hot cell will be used for the 
decontamination of large components or large 
remote handling transporters. Large activated 
components will be stored in the hot cell. 
Additional facilities are being designed and 
will extend in the Assembly Hall area as shown 
on Figure 6. This new installation, planned for 
1989, features a new access into the hot cell 
for fork lift trucks, change rooms, decontamina
tion rooms and active workshops. 

Whilst it is expected that solid low level 
waste will be disposed of to existing sites, the 
fate of solid intermediate level waste is 
unclear due to the lack of a disposal facility. 
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The disposal route for tritiated water specially 
with a low specific activity is also unclear at 
present. Solid intermediate level waste and 
tritiated water may have to be stored or treated 
on site. 

Table V: Estimated active wastes production 
during the JET DT phase assuming a total 
neutron production of 10'J in 2 years. 

Type of 
Waste 

Components 

Components 

Housekeeping 
(solid wastes! 

Routine water 
arisings 

Accidental 
water arising; 

Water arising 
from decon
tamination 
procedures 

Category or 
tritium content 

ILW(a) 

LLW(b) 

LLW 

OCi/m
1 

highly 
3 tritiated 

low tritium 
content 

Volume (m3) 

1.2 
200(c) 

small 

170 m3 

510 

100 

(a) ILW Intermediate level waste >12 
GBq/tonne. 

(b) LLW Low level waste <12GBq/tonne. 
(c) Assumes replacement of neutral beam central 

column. 

• HIIlDINa ooo» 

ASSEMBLY HALL 

BHKIDINO DOOD 

TORUS HALL 

COIM'MCN' I 10* 
LtVtl «"«STI 
■MTimw |T0**0I 
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■ OUMVMtNT ITOMftOt 

Fig 6: The proposed JET active handling 
facilities 

Safety studies 

JET safety work is based on design guide
lines for personnel and general public radiation 
exposure. The target limits set by JET manage
ment for JET personnel exposure are 5mSv/year 
for radiation workers (10% of the ICRP limit) 
and lmSv/year for all other staff (20% of the 
ICRP limit) . The JET target dose at the JET 
site boundary should be less than 50μ3ν^θ8Γ. 
Doses due to wastes or effluents should be 
minimised according to the general "As Low As 
Reasonably Practicable" (ALARP) principle. In 
addition, the design target for accidental 
releases is such that the product of frequency 
and release for any event should be less than 
lOCi/year [30]. 

The tritium inventory on the JET site 
should not exceed a total of 90g of which 60g 
can be mobile gas. This relatively low limit 
means that no special security precautions are 
required on the site and there is in principle 
no formal requirement for strict tritium 
accountancy and emergency plans. 

The Safety reports are submitted to the 
Safety and Reliability Directorate (SRD) of the 
United Kingdom Atomic Energy Authority (UKAEA). 
The Preliminary Safety Analysis Report was 
submitted early in 1988 and design safety 
reviews are presently in progress for each sub 
systems. The Final Safety Analysis Report 
should be ready in early 1989 and will form a 
major part of the basis on which the authorisat
ion to operate with tritium should be granted. 

Authorisations must also be obtained from 
Her Majesty's Inspectorate of Pollution (HMIP) 
who authorises JET to possess tritium and 
discharge small quantities of radionuclides to 
the environment. The present estimates predict 
routine releases of approximately lOOOCi/year of 
which 60% are due to maintenance work. 

The Health and Safety Executives (HSE) 
will have to be informed about hazards and they 
will have to approve the measures to control or 
mitigate hazards such as accidental tritium 
releases. Calculations have shown that the 
worst possible accident, ie., the release of 30g 
of tritium under the most unfavourable weather 
conditions, would give rise to a maximum 
individual dose at the site boundary of less 
than lmSv. This dose, calculated assuming a 
total conversion of elemental tritium into HT0, 
is much lower than the recommended reference 
level for sheltering (5mSv) or evacuation 
(lOOmSv). 

In order to structure the safety analysis, 
ensure that appropriate effort is devoted to 
systems and provide a common safety approach to 
all systems, a tritium safety classification has 
been established. 
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Table VI. Tritium safety classifications 

Class 1 

Class 2 

Class 3 

Class 4 

Systems with a high potential for 
accidental (or routine) release 
or exposure of personnel when the 
effects of secondary containment 
or other barriers are neglected 

Systems with a low potential for 
routine (or accidental) release 
and exposure of personnel, or 
systems necessary to prevent (or 
limit) release or exposure for 
class 1 systems under fault 
conditions 

Systems which will generate 
tritiated wastes 

Systems with no potential for 
tritium release or exposure or 
generation of waste 

The tritium classification is also used to 
specify Quality Assurance requirements for the 
manufacture of the components of the AGHS. 

The methodology of safety analysis depends 
on the tritium classification. For class 1 
systems a probabilistic approach is being 
followed. This involves the identification of 
fault initiating events and the building of 
event trees. The frequencies of initiating 
events and top events of event trees are then 
estimated so that the frequency of a particular 
accident can be plotted against the magnitude of 
the release. As mentioned earlier, the product 
of frequency and release should be less than 
lOCi/year. 

CONCLUSIONS: THE JET DT PHASE IS A NECESSARY 
STEP TOWARDS FUSION POWER 

The major effort undertaken within the 7MA 
study to allow operation up to 7MA, and more 
generally to upgrade JET performance has already 
paid back with results which confirm JET as the 
worlds leading fusion experiment. Further 
enhancements are still expected when beryllium 
is used as a first wall material and the Lower 
Hybrid Current Drive system is operational. 

On this basis it is reasonable to expect 
that in DT operation the total Q should be in 
the range of 0.5 to 1. The αparticle power 
should be of the order of 3 to 6 MW and should 
provide a significant heating of the plasma 
core. More importantly, perhaps, the density of 
αparticles relative to the plasma density 
should be close to that expected in a fusion 
reactor and will allow the study of the effect 
of the αparticles on the plasma properties. 
Therefore it appears that JET will be able to 
fulfill all its major scientific objectives 

including the study of production of αparticles 
and consequent plasma heating and behaviour. 

The technological objectives of the JET DT 
phase are equally important for the development 
of fusion research. The problems related to the 
use of tritium in a fusion device will be 
confronted and essential experience will be 
gained. A fusion fuel recycling loop will be 
operated on a tokamak for the first time. 
Remote maintenance procedures under real condi
tions of activation and tritium contamination 
will be put to the test. These are all vital 
aspects of fusion research and they must be 
addressed on JET before the same problems, 
albeit on a larger scale, are faced on a machine 
larger than JET. The JET DT phase appears as 
an essential and irreplaceable step towards 
fusion power. 
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ABSTRACT 
Disruptions at high current cause large forces 
and stresses at the JET vessel. Particularly 
undesirable are vertical disruptions due to 
possible failure of the vertical stabilisation 
system. Forces and stresses are being assessed 
on the basis of magnetic measurements, vessel 
deflections, strain gauge measurements at 
vertical supports and by a finite element 
mechanical analysis. The present operating 
restrictions may be relaxed after implementa
tion of two support rings at the inner peri
phery of the vessel which supplement those at 
the outer periphery and will prevent unaccept
able radial deflections. 

INTRODUCTION 
JET was designed for operations with up/down 
symmetric plasmas and currents of 5MA. It has 
been working successfully at that level. From 
past experience it emerges, however, that it is 
necessary to operate at higher current and, 
preferably, with an up/down asymmetric single 
Xpoint magnetic limiter configuration in order 
to obtain substantial oparticle heating in DT 
plasmas. 

The JET machine is being upgraded for this 
purpose. Most enhancements have already been 
implemented. Operations with single Xpoint 
configurations were performed up to 5MA. 
Symmetric plasmas were obtained up to 7MA. The 
operating parameters have been restricted, 
however, to avoid damage, in particular in the 
event of disruptions and vertical instabili
ties. Studies are under way to establish safe 
operating limits and to relax the present 
restrictions as far as possible. 

In this paper the effects of disruptions 
and vertical instabilities on the JET vessel 
are discussed. 
THE VESSEL 

Some parameters of the vessel are shown in 

Table 1 : Vessel parameters 

major (reference) radius R 
c 

vertical semiaxis b 
v 

radial semiaxis a 
v 

poloidal length 
thickness of rigid sectors 
thickness of bellows 
bellows material 
rigid sector material 
toroidal resistance 
poloidal resistance 

'pol 

2.96m 
2.2m 
1.4m 
11.6m 

2 χ 12mm 
2 χ 1,8mm 

Inconel 625 
Nicrofer 7216LC 

520μΩ 
32μΩ 

table 1. The vessel has a double wall and 
32 bellows sections to reduce the toroidal 
resistance. Two restraint rings at the outer 
periphery at ±1m distance from the equatorial 
plane provide the radial support against atmos
pheric and magnetic compression. The rings 
have insulating breaks at the bellows sections. 
The vertical support is achieved by two short 
arms between each of the large vertical ports 
and the adjacent horizontal limbs of the 
magnetic circuit. There are 2 χ 8 evenly 
distributed vertical ports at top and bottom. 
Vertically, the ports are rigidly supported. 
Radially, the port movement is restrained only 
dynamically by the mass of attached equipment. 

Forces give rise to a vessel deformation, 
restrained by the supports. The resulting 
radial movement of the large vertical ports is 
recorded with displacement transducers. Verti
cal deformations of the vessel can also be 
measured at small vertical ports at top and 
bottom of rigid sectors adjacent to the 
vertically supported sectors. These measure
ments are however obscured by bending and 
oscillations of the loaded small ports. 
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Some of the vertical support arms are 
equipped with strain gauges, giving an indicaon o f vertical forces acting o n these supports and on the vessel as a whole. 

RADIAL DISRUPTIONS 
Estimate of vessel forces 
Forces are due to induced toroidal and 

pololdal currents in the vessel. Toroidal 
currents arise from the current quench and the 
radial plasma movement, pololdal curents are 
produced by the change of the plasma diamagnetism. 

In the limiting case of a sudden quench of 
a plasma with circular cross section in a 
circular conducting torus the radial force due 
to toroidal eddy currents is, at the outer and 
inner periphery, 

'R out, In .WoV (In a* 
ap β 

1 2 R
o ι 

±
TTaT

J 
^ 
(1 

where I_plasma current, R0major radius, 
/aVb"\,vessel minor radius, ap  plasma 

minor "ν ν 
radius, ßpoloidal beta, 11nortnalised 

internal pololdal field pressure. With 
R 2.96m, av1.75m one obtains for a plasma of 
interest for JET: 

I 7MA ) 
ap1 .'Jm ) 
S0.3 
111 

Rout 
F 
Rin 

r
Rtotal" 

2k.6m 
♦8.5MN 
16. IMN 

(2) 

This force would decrease rapidly in a time of 
the order of the toroidal eddy current decay 
time T

Vtor iJms: in JET the quench time id is 
usually larger than 15ms. The expected forces are therefore substantially smaller than given by (1). 

The pololdal vessel current Iv, induced by 
the change of the plasma diamagnetlsm, can be 
found from the equation: 

I
V
L
V Iv«v hj/U Av) fc" (3) 

where Lv  0.68μΗ ► ves se l induc tance , Ry 
32μΛ * vessel res is tance (pololdal) , Av  9.7m2 

■» vessel cross section area, AT  14.8m2 » area 
of t o r o i d a l f i e l d c o i l s . The c o r r e c t i o n 
Aw/(At  Av) ar ises from the coupling with tne 
close f i t t i ng TF coi l assembly, due to flux 
conservation. The current I v produces a normal 
pressure « R~2 on the vessel . The resul t ing 
t o t a l radial force i s approximately 
FR  IVBŢ(R )AV/RQ. For a c i r c u l a r plasma 
shape the diamegnetism i s related to the 
pololdal beta by: 

ΔΦ  (1  B) U0
2IpV8n B^Rp). W 

For a current quench in a time which i s smaller 
than the e f f e c t i v e eddy current decay time τ ν 

,  7.i4ms the maximum vessel force becomes in 
t h i s case: 

R lim τ? I D
2
( 1  ß)   10.8MN, 

where the numerical value is for ID 
The ß0.3, as considered above 

decreases with the time constant τ 

(5) 
■ 7MA. 
force 

ν pol* 
The combined radial forces from (2) and 

(5) exceed acceptable limits. It is therefore 
important to consider the reduction due to 
finite quench time. 

A simulation of a radial disruption has 
been carried out by means PROTEUS', a 2D finite 
element code2 which describes the evolution of 
the plasma equilibrium and of the electro
magnetic fields. It includes the effects of 
eddy currents and the magnetic circuit. The 
circuit voltages are kept constant (0). In 
the cases considered the pololdal beta was 
assumed to drop from 0.30 to 0.06 in 1ms while 
the plasma current Ip is still constant. The 
current quench is modelled by a linear decrease 
of Ip to zero in times id5,10 and 20ms. The 
plasma current density is assumed proportional 
to (iv  ψ) where ψ 0 is the poloidal flux at 
the plasma boundary. Other Initial parameters 
are: Ip7MA, Β χ t(R o )=3.4T, a 1.16m, 
b 1.70m, ΔΦ=0.56Vs. Some results are shown 
in table 2 and fig 1. The flux pattern and the 
forces at different poloidal sections of the 
vessel, due to toroidal eddy currents, are 
illustrated in fig 2 for the case Td10ms and 
when Ip has decreased to 1MA. 

Table 2: Vessel forces and currents for 7MA 
d i s r u p t i o n s s imulated with PROTEUS. 
ß Q 0 .3 at t<0, ß0.06 at tVIms, s t a r t 
of quench at t1ms. 

Disruption time Td(ms) 

Max toroidal current 

(time of maximum) 

Max radial force due 
to toroidal currents 
F R t o r ^ 
Max poloidal current 
W

( M A ) 

(time of maximum) 
Max radial force due 
to poloidal currents 
F R p o l W 

5 

3.^7 
(5.5ms) 

16.7 
(5.5ms) 

0.60 
(5.0ms) 

8.7 
(5.0ms) 

10 

2.33 
(9.5ms) 

12.6 
(7.5ms) 

0.H7 
(8.5ms) 

6.8 
(8.5ms) 

20 

1.37 
(15ms) 

8.7 
(10ms) 
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Fig 1 : Radial disruption of a 7MA plasma 
simulated with PROTEUS, (a) Toroidal and 
poloidal vessel currents, (b) radial 
vessel forces due to these currents. 

Experimental results 
Disruptions are unavoidable and one must 

be prepared for the worst case. An example of 
a disruption at high current is pulse I8058. 
Parameters and forces deduced from magnetic 
measurements are given in table 3. the 
evolution of sane parameters is shown in fig 3· 
The disruption time Td15ms is taken from 
I /Ì when ID~5MA. The radial inward movement 
of the plasma centroid is quite small (<.4m) 
while Ι_>2ΜΑ. The maximum radial displacement 
of the vertical vessel ports is 6mn. 

The force due to toroidal currents is 
deduced from loop voltage and tangential 
poloidal field measurements along the poloidal 
vessel perimeter. The evolution of this force 
could not be followed in detail, but at 
t53.058sec (sample time indicated in fig 3) 
the product I p ^ v tor and therefore the force 
is almost at a maximum. The poloidal current 
and the related radial force is estimated on 
the basis of eq(3), assuming ΔΦΔΦ0(Ιρ/Ιρο)

2 
and Ip.Ipo exp((t0  t)Adj. 

It is considered operating at currents 
I 7MA and B ^ ^ T . If we scale the forces 
given in table 3. while keeping β_ and xd 
unchanged, one expects FR tQr9.2MN and 
FD DOl5.5MN. These values are similar to 
values of 10 and 5.6MN, resp., interpolated for 
τα»15ms from table 2. 

Table 3: Parameters and vessel forces deduced 
from magnetic measurements, for pulse 
18058. 

\ ¿ ¿ 4 έ è 7 è à (m) 

Fig 2: Flux plot and forces due to toroidal 
currents at vessel segments for a radial 
7MA disruption with 10ms quench time, 
computed with PROTEUS. Time t9.5ms, 
11 MA. The configuration is up/down 
symmetric. 

From table 2 one finds that for Td10ms the 
total radial force FR«20MN is substantially 
smaller than the rough estimate FR(0)27MN from 
(2) and (3). For more realistic cases id>15ms 
one can expect FR tota^ £16MN. 

Plasma current I (MA) 
Toroidal field B?(T) 
plasma semiaxis a,b(m) 1.17, 
poloidal beta ß 
diamagnetic flux ΔΦ (Vs) 

disruption time Td(ms) 
toroidal vessel current ^ ο ρ ^ ) 
(at t53.058s) 
poloidal vessel current ^ Q ] /

1
^ ) 

(max at 53061s) 
radial vessel forces from I v t o r

: 

outer part FR (MN) 
inner part FR in (m) 

total F
R total (MN) 

radial force from 1 ^ : FRpQl(MN) 

6.15 
3.15 
1.81 
0.11 
0.57 

15 
0.70 

0.31 

8. Ί 
+1.3 
7.1 
14.2 
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(MA) 

(MA) 

5a050 sacro 
(sec) 

53.100 

Fig 3: Plasma current L , toroidal vessel 
current lytor* r a d

i
a l plasma displace

ment ÓR and radial displacement 6RV of 
vertical ports during the disruption of 
pulse 18058 

Mechanical analysis 
Stresses and deflections of the vessel, 

with its present supports have been assessed by 
a finite element analysis1. Loads according to 
the 7MA simulation by PROTEUS for disruption 
time idIOms were assumed. For comparison with 
experiment the loads have been scaled with 
respect to Ip, β and id to the parameters of 
the 6MA disruption in pulse 18058. The scaled 
forces assumed, fR ol 1.9MN, FR tor7.7MN 
are not much different from values derived from 
measurements (table 3). The fig 1 shows a 
sketch of the force distribution and indicates 
the computed static radial deflections at the 
inner flexible part of the vessel and at the 
large vertical ports where the vessel is sup
ported firmly (with precompression) in the 
vertical direction. The deflections are parti
cularly large at the inner part. Small vertical 
deflections (not shown) occur at top and bottom 
of adjacent unsupported rigid sectors due to the 
flexibility of bellows and sectors. 

Dynamic radial deflections at the vertical 
ports are larger than the static ones by a 
factor 1.1 to 1.7 due to the mass associated 
directly with the ports (basic 350kg, with 
additional equipment up to 1000kg) and 
depending on the duration of the force. The 
stiffness of the system with respect to radial 

3.0 MN ι 
(0.15) I 

^ ( 0 5 ) 

Toradal Curort 
Forces 77MN 

14 mm | — V 
(Q7)

 l
 ^ 

Support Rng

PotadaJ Curort 
Forces 4flMN 

aOMN | 
(0.15) ' 

777777 ^~~S (nc ... mm 
(05) 

Fig 1 : Forces and resulting deflections of the 
vessel during a radial disruption at ¿MA 
corresponding to pulse 18058. Values in 
( ) refer to the case when the inboard 
vessel wall has been reinforced 

forces at the ports has been computed and a 
simplified model was used to obtain the radial 
dynamic forces and deflections at the ports. 
For the case of pulse 18058 one expects a radial 
deflection of about 7nm. This agrees reasonably 
with the measured amplitude of 6nm shown in 
fig 3. 

Points of high local stress and 
strain are at the base of the vertical ports. 
For a disruption time of 15ms, a strain of 
0.1 J is estimated for a radial deflections of 
4.5mm at a port carrying a weight of 1000kg. 
In pulse 18058 the estimated maximum strain was 
therefore about 1.1 times higher. Pending an 
investigation of the low cycle fatigue proper
ties of the vessel material, a strain level of 
0.2Ï (9mm deflection) for a limited number of 
cycles is deemed acceptable. This corresponds 
to a 7MA radial disruption similar to the one in 
pulse 18058. 

VERTICAL INSTABILITY 
Expected vertical forces 
If tne vertical stabilisation system fails 

the vertical plasma position becomes unstable 
due to the destabilising effects of the iron 
circuit and of the quadrupolar component of the 
equilibrium field required to produce an 
elongated plasma shape. The plasma moves verti
cally, governed by the balance of the destabi
lising force on the plasma, 

F
p dest"fVZp' (6) 
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and stabilising forces due to currents in the 
vessel and the radial field coil (Rcoil) 
induced by the plasma movement. The normalisée 
destabilising force f is in the range 0.35 ... 
0.60MN/(MA)

2
m, depending on the magnitude of 

the applied shaping quadrupolar field. 
From a simplified rigid displacement 

model
3 one expects an initial growth rate: 

kn 
and a ver t i ca l force acting on the vessel 

zv* ρ dest 
(n)rk)(1m) 

U kjm 

(7) 

(8) 

where : 
Tv3ms 

k0.37 

mfL 

Lvv 

e f f e c t i v e decay time of di f fe ren t ia l 
t o r o i d a l c u r r e n t s ±I„ in the upper / 
lower half of the vessel , 

coupling coefficient between Rcoil 
current IR and vessel current I y I 

/L 1 2 «0.Η . . . 0.7 ■* measure of i n s t ab i 
l i t y degree 

«12μΗ » vesse l inductance for di f fe ren t ia l 
current I,, 

vv' 

v' 
vp

»3.2uH/m ■» mutual inductance change vessel/ 
plasma for unit displacement Ζ . 

For m£k the growth scales with the Rcoil time 
constant, for m£1 the plasma position is MHD 
unstable. 

Equilibrium computations for elongated 
Dshaped plasmas give typically f0.5MN/(MA)

2
m 

and ra0.58. Eq(7) gives Y170s~' in accordance 
with measurements. From eq(8) one finds 
F Z V0.2HF dest0.12I Ζ (MN). This is only 
applicable for small displacements, at larger 
displacements eq(8) underestimates the force 
F z v due to omission of terms <*Z_\ For Ιρ7ΜΑ 
and Ζ =1m one expects therefore FZV>6MN, which 
exceeds substantially the estimated danger 
level of 34MN for the present status of 
vessel supports. There are however indications 
that the forced reduction of the plasma size, 
after contact with the top or bottom part of 
the vessel, leads to a disruption when the 
boundary qvalue becomes smaller than about 
two. This limits the maximum value of 
I (t)Z(t), in particular in plasmas with high 
current which are only possible with relatively 
small initial q. 

Plasmas with single Xpoint magnetic 
limiter are more unstable. Typically 
f«0.55MN/(MA)

2
m, giving Y260s~' and 

F Z Y£0.13IpZ ß from eq7,8. Displacements Ζ 
before significant reduction of the current Ip 
are in general larger than in symmetric plasmas 
without Xpoints, vertical vessel forces are 
therefore relatively large. 

Simulations of the vertical instability 
have been carried out with the PROTEUS code in 

few cases. For an elongated Dshaped plasma 
the ratio FZV/I_,Z was found to be 
«0.17MN/(MA)

2
m, which is larger than the 

corresponding estimate from eq8,6 by a factor 
1.1J. So far, the computations are however not 
conclusive because there are significant 
differences between experiment and prediction 
concerning growth rates and the orbit of the 
current centroid. 

Experiments 
Previously reported vertical instability 

tests" were repeated after modifications of the 
vessel supports and with higher currents up to 
3.5MA. Instabilities are provoked by disabling 
the feedback stabilisation during the current 
flat top. Of particular interest are scaled 
down analog versions of anticipated plasmas 
with 7MA/3.4T in symmetric limiter configura
tion and with 6MA/3.2T in single Xpoint 
configuration. 

The evolution of the vertical instability 
in a symmetric plasma with elongation ratio 
b/a1.6 is illustrated in fig 5. The plasma 
centroid moves first vertically with an initial 
growth rate Yl60s~'. The current quench 
starts when the boundary qvalue has decreased 
to about 2. The vertical displacement 
increases still further thereafter and reaches 
a maximum of 0.85m. During the current quench 
the plasma moves inwards and returns towards 
the equatorial plane, following the contour of 
the vessel. 

50.01 5003 5Q05 (sec) 

Fig 5: Evolution of pulse 15100 (3.5MA/1.8T) 
after disabling vertical stabilisation 
at t50.00sec (10sec after start). 
I D  plasma current, Z p  vertical 
position, 6Rp  radial displacement, 
qD q at plasma boundary, 6B^or 
difference of toroidal field at top and 
bottom. 

A654 



Forces 
(MN) I n decrease start 

/ V F deşt 
/ ί 

Table 4: Results of vertical instability tests 
for pulses 15100 and 15241 

\ 
/ Fvz 

50Û2 50.04 50Ό6 (sec) 

Fig 6: Vertical forces at the plasma and the 
v e s s e l e v a l u a t e d from magne t i c 
m e a s u r e m e n t s f o r p u l s e 15100 
(3.5MA/1.8T) 

destabi l i s ing force at plasma 
t o t a l ver t i ca l force at vessel 
additional force at vessel 

Ipdest 
F

VZ 
'vadd 
vpol contribution to Fvad(n estimated 

from the difference àBtnr at 
top and bottom. tor 

The fig 6 shows the vertical forces acting on 
the plasma and the vessel, evaluated from 
magnetic measurements in a somewhat simplified 
way as performed previously". Use is made of 
the requirement of complete force balance of 
the plasma. It is found that the destabilis
ing force Fjjest

 i s n o t balanced by the 
stabilising forces from Rcoil and differential 
vessel currents. An additional repelling force 
^padd'^vadd

 m u s t b e p r e s e n t between the plasma 
and the vessel to provide the balance. The 
flow of pololdal currents across the plasma and 
returning through the vessel has been 

considered as a possible mechanism'. A rough 
estimate of the corresponding force Fy , 
 2 J 1 R W B Ţ 6 B T / U O due to the measured toroidal 
field difference 6B Ţ (fig 5) is included in 
fig 6; w1.5m is the assumed radial width of 
the pololdal current loop. Fy ^ is zero 
before the start of the current quench, in 
contrast to Fv a d d. So there may be other 
mechanisms for a repelling force*. It should 
be noted that the ratio F Vz / F

pdest*
0
·
5 i3 m u c n 

larger than expected from eqo for a linear 
model with toroidal currents only, which gives 
a ratio 0.24. 

The vessel force is also found to be 
significantly larger than the vertical force at 
the vessel supports deduced from strain gauge 
measurements. The latter one has however a 
longer duration and peaks with about 10ms 
delay. 

Plasma current I D 
Toroidal field B^.(2.96m) 
Configuration 
Elongation ratio b/a 
Poloidal beta β 

Instability growth 
rate Ύ 
Max plasma displace
ment 6Z 
Current quench time id 

Relative destabilising 
force f 
Max destab. force F ^ e 3 t 
Max "add'l force" F ^ ^ 
Max vertical vessel 
force F ^ 
Max vessel support 
force F s u p p 
Fparameter 

Average of first radial 
deflection of vertical 
ports at top and bottom 

Instability degree with 
Rcoil open circuit + m 
Rcoil shorted » mk 

Unit 

MA 
Τ 

s~' 

m 
ms 
MN 

IMA} "'m 
MN 
MN 

MN 

MN 
(MA)* 

mm 

mm 

15100 

3.49 
1.8 
D 
1.6 
0.1 

160 

+0.85 
22 

0.49 

+3.7 
+1.54 

+ 1.8 

1.1 
32 

+ 1.3 

4.6 

0.57 
0.20 

15241 

3.46 
1.8 

Xpoint 
1.8 
0.1 

290 

0.95 
18 

0.57 

5.2 
2.6 

3.1 
+ 1.6 
40 

4.9 

+2.8 

0.67 
0.30 

The table 4 presents a summary of vertical 
instability tests for the pulses 15100 and 
15241, which are analogs of high current 
limiter and single Xpoint plasmas. There are 
unexpected large differences in the relative 
increase of vertical vessel forces Fy, support 
forces F 3 u p p and mean of top and bottom radial 
deflection amplitudes of vertical ports between 
the two pulses, the ratios of these parameters 
are 1.7, 1.5 and 1.3, resp.. These differences 
and the differences between vessel and support 
forces indicate that the evaluation of forces 
is inaccurate and requires a reexamination. 

A direct indication of strong forces are 
the radial deflections at the vertical ports. 
For vertical instabilities the first half wave 
is opposite at top and bottom. For the cases 
shown the amplitude at the port opposite to the 
plasma movement exceeds the mean amplitude by a 
factor 1.6 and 1.3, resp.. At the port on the 
side of the plasma the second half wave is 
usually larger than the first one but remains 
smaller than the deflection at the opposite 
port. 

Net vertical displacements of the 
unsupported rigid sectors, adjacent to the 
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20 
(MAf 40. ^(MA)

2 " 
Fig 7: Average amplitudes of radial and 

vertical displacements at vessel ports 
of vertical instability tests with 
symmetric limiter (·) and single Xpoint 
plasmas (x) vs "Fparameter". 

sectors with vertical supports, are measured at small vertical ports. The fig 7 shows mean radial and vertical vessel port deflections as function of a predeterminable force parater F for a number of pulses with deliberaty provoked vertical instability and with different currents and plasma shapes. The Fparameter is chosen to be proportional to a crude estimate Fv2constH(mk) of the vertical vessel force according to eq6,8 (ignoring the factor 1m): 

F W 1l
»Wsh

 + 300Id) (MA)*. (9) 
where N g h  preselectable effective turns of 
the shaping coil assembly, I 3 n  shaping coil 
current, 1^  difference current between 
central ana top/bottom sections of the 
transformer coil. I 3 n and 1^ govern the plasma 
elongation. The average deflections shown in 
fig 7 are essentially proportional to F. The 
maximum radial deflections are on average 1.4 
times larger than mean values for pulses with 
vertical instability. 

The Fparameter is used as guideline for 
operation. With the present vessel support 
system a limit F75(MA)² has been accepted for 
normal operation. A stabilisation failure 
could give up to 10mm radial deflection at the 
large vertical ports and strains of order 
û2.% at the base of these ports. 

Mechanical analysis 
The effects of a vertical instability and 

subsequent disruption were analysed using loads 
as estimated for the 35MA pulse 15100 (fig 6). 

Q67MN . 
(095) \ . 

¿λμ/ l=v> OS mm 

Toroidal Curent 
Forces FR£17MN 

0.6 mm C Í > 
(0.3) ^ 

0.04 MN 
(031) 

Additional Forces 
R,»\54MN 
FJ,160MN 

750 mm 

[Z£> 42 mm 
^ (02) 

Fdoüal Current 
Forces &143MN 

2.17 MN Ί 
(OSO) 

T~ C^} 34mm 
Π7Τ77

 v (iQl 

Fig 8: Forces and resulting deflections at the 
vessel corresponding to the vertical 
instability in pulse 15100 at 3.5MA. 
Values in ( ) refer to the case after 
reenforcement of the inboard wall. 

The fig 8 shows the assumed force distribution 
at time t50.055sec (when the combined radial 
and vertical force is maximum) and the static 
deflections at ports and the inboard side of 
the vessel. Forces due to global toroidal and 
poloidal currents arising from the current 
quench are scaled, with respect to Ip, β and 
quench times .τα, from the simulation by PROTEUS 
of a 7MA radial disruption (table 2) to pulse 
15100 (I 3.5MA, β0.1, Td«20ms). The vertical 
force is taken from Fvz derived from magnetic 
measurements and assumed to be localised as 
indicated in fig 8. 

The radial deflections are larger at the 
bottom than on top as found experimentally. 
The static deflection at top is opposite to the 
first half wave of the observed oscillation. 
This may be due to uncertainty of the force 
distribution and also due to the effect of 
inerţial loads. From a simplified dynamic 
model one expects an enhancement of deflections 
by a factor 1.4 to 1.7 for mass loads at the 
vertical ports between 350 and 1000kg. The 
corresponding deflections in the range of 4.8 
to 5.8mm at the bottom ports are in reasonable 
accordance with deflections 3.9, 4.8 and 5.0mm 
(average 4.6mm) measured at three ports (the 
measurement at the fourth position was 
faulty). 

In a vertical instability of a 7MA 
Dshaped plasma, with disruption time 20ms, one 
expects 4 times higher forces and deflections, 
and the maximum strain at the base of a port 
loaded with a mass of 1000kg would become of 
the order 0.4%. This is two times larger than 
expected in a radial disruption. 
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VESSEL MODIFICATIONS REFERENCES 

With the present system, routine operation 
at 7MA would be risky. To permit operation at 
this level some modifications are being 
prepared: mechanical decoupling of heavy masses 
from vessel ports, inclusion of two Inboard 
support rings and radial dampers at the large 
vertical ports. 

The mechanical decoupling has been imple
mented already where possible so that only the 
basic mass load of 350kg is effective. In 
these cases the strain at the base of the ports 
is greatly reduced except for the unlikely 
event of a fast radial disruption in a time 
OOrns. The soft Xray diagnostics at octant 2 
(M1000kg) cannot be decoupled and poses there
fore a restriction while it is in use. 

The Inboard wall will be stiffened by two 
support rings above and below the equatorial 
plane. They will be welded across bellows and 
reduce the resistance of the inner part of the 
vessel to 1/2. The effects on plasma startup 
resulting from larger induced currents are 
regarded as manageable. The reduction of 
deflections of vessel ports and of the vessel 
itself is dramatic ,as can be seen from the 
values in brackets shown in fig 4 and 8. The 
contribution of inerţial radial forces at the 
base of ports with heavy mass load will 
therefore be reduced considerably. 

Finally, radial dampers will be imple
mented at the vertical supports. This measure 
alone would reduce the effect of mass loads on 
the strain at the base of the large vertical 
ports by a factor 2. 
SUMMARY 

Radial disruptions of 7MA plasmas with 
15ms disruption time are expected to produce a 
radial force of about 16MN on the vessel and 
local strains of 0.1% at the base of the large 
vertical ports. 

A vertical instability of a 7MA Dshaped 
plasma will give in addition a vertical force 
of about 7MN and cause local strains around 
0.4J. Similar forces and strains are expected 
at a lower current of about 6MA when a plasma 
with single Xpoint configuration becomes 
vertically unstable. 

Vessel modifications are in preparation to 
make routine operation possible at these 
anticipated current levels. 
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I. ABSTRACT AND INTRODUCTION 

JET was designed for a plasma current of 
5 MA and has operated successfully at that 
level. To enable JET to produce meaningful DT 
plasmas, it is necessary to upgrade the 
machine performance. The paper describes the 
effects on the poloidal and toroidal magnet 
systems of increasing the plasma current to 
7 MA. It has not been necessary to increase 
the toroidal field but operation at higher 
plasma current increases the torque loading on 
the coils. In the case of the poloidal coils 
an increased flux swing is required so the 
magnetising current has been increased by 50%. 
Effects considered include magnetic forces and 
mechanical and thermal stresses in the coils. 
Modifications to the coil system and improve
ments to the power supplies that enable the 
new performance to be achieved are described. 
It is concluded that a 7 MA plasma current is 
feasible. 

II DESCRIPTION OF MAGNET SYSTEM 

A. Coils 
Fig. 1 shows a crosssection through the 

JET machine in which the toroidal and poloidal 
magnet systems can be seen. 

The toroidal field (TF) system com
prises 32 Dshaped coils designed to produce a 
field of 3.45 Τ at 2.9 m radius. The coils 
are conventional water cooled, epoxy glass 
insulated copper coils. Some important para

COLLAR 
TOOTH ~

MECHANICAL 
STRUCTURE 

ffiËB 

IRON 
"CORE 

VACUUM 
VESSEL 

TOROIDAL 
'COILS 

Fig.l Cross Section through JET Machine 

meters are given in Table 1. The inward 
forces of the toroidal coils are supported by 
poloidal coil 1 and the out of plane forces by 
a shell type mechanical structure and fluted 
cylinder at the toroidal/poloidal coil 
interface. 

The poloidal coils (PI, P2, P3 and P4 
on Fig. 1) are also of water cooled, epoxy 
glass insulated copper. The inner coil (PI) 

Table 1 : Main upgraded parameters of TF and PF coil systems (original parameters bracketed) 

TF coils: 

number of coils 
total weight (tonnes) 
maximum current (kA) 
effective pulse length (sees) 
max. energy per pulse (GJ) 

32 
380 
67 kA 
25(20) 
7(5.5) 

PF coils: 
number of coils 
total weight (tonnes) 
maximum current (kA) 
maximum flux swing (Wb) 
integral I2 dt (109 A2

sec) 

PI 

10 
100 
60(40) 
42(34) 
45(30) 

P2 

2 
28 
40 

P3 

2 
84 
40 

P4 

2 
158 
40 

32 
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carries magnetising currents and the flux of 
this coil passes mainly through the transfor
mer core. Coils P2 and P3 carry shaping and 
radial field currents and coil PA carries 
vertical field currents. S me important para
meters are given in Table 1. 

B. Power Supplies 
The TF coils are fed by a flywheel 

generator convertor (FGC) in series with 
static units taking power from the electrical 
supply grid. The PF coils are fed by a 
similar FGC via a switching network to give 
high plasma breakdown voltages. The 
equilibrium and control coils are fed by 
static amplifiers. 

Ill OPERATING CONDITIONS OF COILS 
Table 2 lists the main forces and thermal 

effects acting on the coils. 

A. General 
The operational field of the TF coils 

(3.45 Τ at 2.9 m major radius) is sufficient 
to allow a 7 MA plasma with reasonable stabil
ity margins. Although the toroidal field 
will not be changed, operation at higher 
plasma current increases stresses on the coils 
due to higher poloidal field crossing them. 

To reach 7 MA plasma current the flux 
swing of the primary winding has to be 

increased from its design value of 34 Wb to 
42 Wb by increasing the current in the central 
magnetising coils (PI) from 40 kA to 60 kA. 
This will more than double the outward force 
due to the poloidal magnetic field and is made 
possible because the toroidal coils exert an 
inward pressure on the poloidal coils, which 
approximately balances the outwards force. 

Plasma equilibrium is maintained by 
the vertical field coils (P4) and the current 
in these coils has to increase with the plasma 
current. However the JET machine was origin
ally designed for high beta and extrapolation 
of present machine operating condition shows 
that currents of less 30 kA will be sufficient 
for 7 MA plasma current compared with the 
design value of 40 kA. 

Plasma shape (elongation and triangu
larity) is controlled by currents flowing in 
coils P2 and P3. It is not proposed to 
increase the current in these coils above the 
design limit because 

• sufficient elongation can easily be 
achieved 

• high triangularity, which would need 
high shaping currents, also leads to 
high out of plane forces on the TF 
coils in the collar tooth region (see 
section V.) 

Table 2 Forces and Thermal Effects Acting on Coils 

Magnetic 
forces 

Externally 
applied 
forces 

Reactions 

TF coils 

Thermal 
effects 

due to toroidal field, forces in plane of 
coil resulting in tension in coil winding 
and net inward force (nc) 

due to poloidal field, forces perpendi
cular to plane of coil resulting in torque 
on coil stack (i) 

inward force reacted by inner poloidal 
coils (nc) 

out of plane forces reacted by support 
structure (i) 

temperature rise during pulse 70 deg.C (i) 

stresses due to thermal gradients (i) 

PI coils 

radially outwards due to axial poloidal 
field (i) 

vertical due to radial poloidal field (i) 

inward force of TF coils on outer surface 
(nc) 
vertical forces due to magnetic circuit 
and weights (i) 
torque due to twisting of TF coil 
structure (i) 

mainly contained within coil structure (i) 

external reactions only to take weight (nc) 

temperature rise during pulse 50 deg.C (i) 

stresses due to thermal gradients (i) 

(nc) no change due to upgrade, (i) increased by upgrade 
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It can be seen from the above that 
the main problem areas for increased perfor
mance are the toroidal coils and the inner 
poloidal coils (PI) . These are described in 
more detail in the following paragraphs. 

B. Current Waveforms 
Fig. 2 shows current waveforms for a 7 MA 

plasma current pulse. It will be seen that 
the PI coil has a relatively complicated 
waveform, which can be divided into phases as 
shown. Each phase causes a different loading 
condition, which has to be analysed. The TF 
loading scenario is simpler and consists only 
of in plane loads due to the toroidal field 
and out of plane loads which follow the plasma 
current. 

IV. MECHANICAL PROPERTIES OF COIL MATERIALS 

The main materials used in the JET coil 
construction are: 

copper  in half hard condition 

insulation  vacuum impregnated epoxy 
glass 

steel  13% chromium steel used for PI 
support rings 

The properties of these materials are 
given in the following sections. 

A. Copper 
The copper is in half hard condition 

(except at brazed joints and electron beam 
welds) and for TF and PI coils has 0.1% silver 
content. Properties are: 

120 
200 

GPa 
MPa 

17.10"
6
/deg Κ 

Elasticity modulus 
0.2% proof stress (minimum) 
coefficient of thermal 

expansion 

B. Insulation 
The insulation is woven glass tape vacuum 

impregnated with epoxy resin. In the case of 
the poloidal coils the glass tape is inter
leaved with Kapton tape to improve the elec
trical breakdown strength but this has some 
effect on the mechanical properties. Mechan

ical properties have been derived from JET 
tests and from the literature. Values used in 
the calculations were: 

TF coils PF coils 

Elasticity modulus (E) 
Shear modulus (G) 

10 
4 

10 
4 

Gpa 
GPa 

Fig.2 Current Waveforms for 7MA Plasma 

Maximum interlaminar 
tensile stress 

Maximum compressive 
stress 

Maximum interlaminar 
shear stress 

Coefficient of 
thermal expansion 

20 15 MPa 

80 60 MPa 

20 15 MPa 

30.IO"
6 30.10"

6
deg Κ 

The allowable shear stress is 
increased when combined with perpendicular 
compressive stress and reduced when combined 
with tensile stress. This behaviour can be 
modelled by the Mohr Brittle Failure Criter
ion. Fig. 3 shows graphic representation of a 
failure envelope a which enables an effective 
shear stress to be derived from combined 
stress conditions. 

interlaminar 
tensile stress 

Fig.3 Mohr Brittle Failure Criterion for 
Epoxy Glass Insulation (contours 

of effective shear stress) 
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C. Steel 
The steel used for the PI coil support 

rings is 13% chromium steel, which has suit
able electrical, thermal and mechanical pro
perties for the application. Mechanical 
properties are: 

Elasticity modules (E) 210 GPa 
Yield stress 240 GPa 
Coefficient of thermal expansion 12.10"6/deg 

V. COIL STRESS ANALYSIS 

A. Finite Element Models 
Analysis has been made starting with 

simple models and, when these are understood, 
proceeding to more complex codes as indicated 
by the simple ones. Use was also made of 
global and local models, the global model 
being used to set boundary conditions for the 
local models and the results from the local 
models being used as stress enhancement fac
tors in the global calculation. 

The different geometry of the TF and 
PI coils led to the use of different types of 
models. In particular the mainly axisymmetric 
geometry of the PI coil allowed a 2D model to 
be used as a first approach. 

For both types of coil the direct 
stresses in the copper were considered to be 
acceptable and the main point of concern was 
the shear stress in the insulation and at the 
copper insulation interface. 

B. TF coil analysis 
A simple shear panel model was used to 

make an overall assessment of stresses and to 
indicate regions of high stress. To obtain 
values of peak stress a brick element model 
was necessary (see Fig. 4). The orthotropic 
properties of the brick elements were 
validated using small models detailing the 
laminated structure of the coil. 

The well-known "D" shape of the coils 
ensures that the toroidal field produces only 
tension (maximum stress = 100 MPa) in the coil 
winding together with an inward force of 1800 
tonnes. The poloidal field gives out of plane 
forces resulting in a torque on the coil 
structure. This torque is restrained by the 
mechanical structure which has sufficient 
factors of safety to cope with upgraded per
formance. Analysis using the simple model 
showed that the points of concern were shear 
stresses in the insulation: 

• at the collar tooth support (see 
Fig 1) 

Fig.4 Finite Element Model of Section of 
Toroidal Coil 

• at the end of the straight section 
where the coil leaves the inner 
cylinder support. 

Many load cases involving different 
poloidal field configurations have therefore 
been investigated in detail. Some cases which 
lead to reasonable stresses are listed in 
Table 3. Other load cases with, for example, 
higher elongation or stronger shaping fields 
can lead to higher stresses. To avoid these 
high stress conditions a new protection system 
as described in section VILA has been imple
mented. 

The same models have been used to 
analyse the results of the mechanical tests 
described later. It will be seen that these 
test results indicate a safety factor of more 
than 1.5 for shear stress in the insulation. 

Table 3 Loading Cases 

Plasma Elong Type 
curr. -ation 

MA 

7 1.5 limiter 
7 1.6 limiter 
7 1.6 single 

X 

Prototype coil 
test 

for TF Coi 

Max. Shear Stress 
in Insulation 

Inter-
turn 
MPa 

7 
16 

14 

25 

Inter-
pancake 
MPa 

6 
13 

12 

28 

Is 
Collar 
Support 
Force 
tonnes 

30 
70 

63 

125 
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C. PI Coil Analysis 
The PI coils are subject to operating 

conditions as described in Table 2, applied in 
a sequence defined by the current waveforms 
(section III.B, Fig. 2). It is not obvious 
what the maximum stress conditions will be for 
every part of the coil and so stresses have to 
be calculated throughout the current waveform 
and subsequent cool down period. To do this 
efficiently stresses for unit load conditions 
corresponding to all the possible applied 
loads and temperatures have been calculated. 
These unit load stresses were added in the 
correct proportions to build up stress 
scenarios as required. 

Calculations using a simple 2D axi
symmetric model firstly confirmed that hoop 
stresses due to the poloidal field and 
toroidal coils were indeed balanced out and 
secondly showed that thermally induced shear 
stresses were a major problem. This was 
because cooling water entered the coil at the 
top and left at the bottom and therefore, 
during the cooldown period, the top of the 
coil was cold while the bottom was still hot. 
This resulted in large temperature gradients 
across the coil with associated thermal 
stresses. 

A cooling scheme as described in 
section VII.Β has therefore been implemented 
in which the temperature difference across the 
coil is limited to less than 20 deg.C. 

In addition to the shear stresses 
induced by thermal gradients, shear stresses 
in the coil insulation are also caused by 
departures from axisymmetry in the winding 
such as transitions between coil turns and 
layers. These features have been analysed by 
detailed 3D global (see Fig. 5) and local 
models, which show that the shear stresses can 
be expressed as a linear function of the 
direct stresses at the location. 

For the given scenario (section 
III.B, Fig. 2) and using the new cooling 
scheme, a graph of maximum effective shear 
stress against time is shown in Fig. 6. Consi
deration of a range of scenarios enabled the 
diagram shown in Fig. 7 to be constructed, 
which imposes constraints on machine opera
tion. These constraints have been built into 
the machine protection systems. 

VI. MECHANICAL TESTS 

A. Small and Medium Scale Tests 
When the JET coils were made, the proper

ties of the copper used was well established. 
The properties of the insulation were not so 
well known, especially as the JET insulation 
incorporated two new (at that time) features: 

Fig. 5 Finite Element Model of Section of PI 
Coil 

30 40 50 60 70 
time sees, (time scale as current waveforms Fig.2) 

Fig. 6 Maximum Effective Shear Stress 
versus Time for PI Coil Insulation 

60

P1 50

curr 
kA 4Π

30

20

10

0

unsafe ^ 

safe operating region 

^ u n s a f e 
when hot 

10 20 30 40 50 60 70 

TF current kA 
Fig. 7 Safe Operating Region for PI Coil 
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• priming of the copper surface with 
"DZ80" and 

• interleaving Kapton tape between the 
woven glass tapes before impregnation 
(PF coils only) 

Small scale tests were therefore car
ried out during the JET design and construc
tion phases to establish the basic material 
properties. Medium scale tests of coil sec
tions were also made during manufacture to 
validate the process and to test the composite 
strength of the coil assemblies. 

B. Test of Prototype TF Coil 
When the stresses in the TF coils for up

graded performance were analysed, it was 
realised that the critical points were the 
shear stresses in the collar tooth region and 
at the transition from straight to curved 
section of the coil. Stresses in these 
regions were very high (in some cases higher 
than the allowable stresses quoted in section 
IV.B). As a prototype TF coil was available, 
it was decided to carry out mechanical tests, 
simulating out of plane loads, on this coil. 

Fig. 8 is a diagram of the test 
arrangement. The loads were applied cyclic
ally by a system of hydraulic jacks at 
increasing levels up to a maximum of 200 
tonnes. The deflections of the coil were 
measured and periodic electrical interturn 
tests made in order to detect incipient fail
ure. The test was terminated when the limit 
of the test rig was reached. No change in 
mechanical characteristics or damage to the 
coil was detected. Some results of the test 
are included in Table 3. Results are given 
for the highest cyclic load at which 10,000 
cycles were made. A total of 100,000 cycles 
were made at lower loads which nevertheless 
exceeded the level required for 7 MA opera
tion. It will be seen that the test results 
exceed the expected stresses by at least 50%. 
The test was therefore considered satisfactory 
as a guarantee of safe operation at 7 MA, 
although less interesting as failure modes 
were not detected. 

VII IMPROVEMENTS TO COIL SYSTEMS 

A. TF Coil Protection System 
To avoid high stresses as described in 

section V.B a new protection system has been 
implemented. This system measures the poloi
dal flux crossing the TF coil in the collar 
tooth region and multiplies it by the TF 
current to give a measure of the out of plane 
force in this region. If this force exceeds 
an acceptable level, the machine pulse is 
terminated. By making a direct measurement of 
the out of plane forces part of the TF coil 
protection system, it is not necessary to 
place limits on the plasma current or other 
operating parameters. 

ΙΟϋΙΜ MJ"i 

Fig. 8 Arrangement for Mechanical Test 
of TF Coil 

from main 
cooling circuit 

control 
valve 

Ν

Δ 
to main 
cooling circuit 

non 
return 
valve 

P1 
coil 

Fig. 9 Recirculating Cooling Water Scheme 
for PI Coil 

B. PI Cooling System 
To avoid the high thermal stresses des

cribed in section V.C. a new cooling scheme 
was proposed and has been implemented in which 
the temperature difference across the coil is 
limited by recirculating the water rapidly 
from coil outlet to inlet, as shown in Fig. 9. 
By this means the temperature difference 
across the coil can be limited to any desired 
preset level. With the new cooling scheme it 
was possible to raise the current heating 
integral to the value given in Table 1. 
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VIII POWER SUPPLY UPGRADES 

Like the TF coils the TF power supply 
does not require significant upgrading. The 
only change is that the pulse has been length
ened from 20 to 25 seconds (at 67 kA) . This 
means that the energy dissipated in a pulse 
has increased from 5.5 to 7 GJ. The TF gener
ator can supply up to 2.6 GJ so the rest has 
to come from static power supplies. 

The poloidal field supply has 
evolved considerably since it was first built 
in 1983. Fig. 10 shows the current version. 
Recent additions which are relevant to 7 MA 
plasma operation are: 

• current modulation circuit (CMC) 
controlling current in centre section 
of PI coil enabling higher currents 
and larger flux swing to be achieved 

• additional switching network (ASN) 
connected across PI coil; thyristor 
make switches in this network can be 
closed soon after the circuit breaker 
is opened to control the rate of 
plasma current rise 

• booster amplifier (PVFB) in vertical 
field circuit giving sufficient volt
age at plasma breakdown to control 
the vertical field and plasma 
position correctly 

• centre point connection and new 
controls in vertical field circuit 
enabling upper and lower PA coils to 
have unequal currents  an advantage 
when setting up single X point 
plasmas 

These changes are described below. 

A. Current Modulation Circuit 
This circuit enables the current in the 

centre section of coil PI to be controlled 
independently. The main components as shown 
in Fig. 10 are: 

The poloidal X point amplifier (PFX)  a 
2.8 kv, 35 kA amplifier identical in 
construction to the existing vertical 
field amplifier 

the blocking diodes (BDX) to withstand 
the voltage across PI coil during the 
fast rise 

the filter (C3 and R13) to protect the 
amplifier against transient overvoltage 
when capacitor C is discharged 

The PFX amplifier is controlled by an 
extended version of the Plasma Position and 
Current Control (PPCC) system. A new protec
tion system has been installed to protect 
against new fault possibilities introduced by 
the new circuit. 

B. Additional Switching Network (ASN) 
The object of the additional switching is 

to reduce the voltage applied to the PI coil 
during early rise of the plasma current. A 
high voltage is initially required to break 
down the plasma and this is developed across 
resistors R3 and RA when switch SI is opened. 
The high voltage, if allowed to decay natur
ally, would cause too rapid a rise of the 
plasma current. The voltage is therefore 
reduced by closing groups of thyristor make 
switches (TMS) as required (typically 2 groups 
of 3 switches closed 150 and 230 ms after SI 
opens). 

CVFBUnll Β 

Fig. 10 Poloidal Field Power Supply 
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C. Booster Amplifier (PVFB) 
The booster amplifiers are connected 

across the blocking diodes of the vertical 
field amplifier (PVFA). This means that PVFB 
only has to carry current at the beginning of 
the fast rise and thereafter the current is 
carried by the blocking diodes. The output 
voltage of PVFB is 9 kv at 1 kA falling to 
2 kv at 6 kA and it is only expected to carry 
current for 0.5 s. 

B. Unbalanced Operation of Vertical 
Field Circuit 
The connection to the centre point of the 

PA coils means that the vertical field ampli
fier and booster amplifier (PVFA and PVFB) 
have had to be split into a symmetrical 
arrangement as shown in Fig. 10. This is 
possible because of the modular design of the 
amplifiers,. The control circuits have also 
been modified so that the amplifiers are fed 
common and difference voltage corresponding to 
symmetrical and assymmetrical operation of the 
coils. The maximum difference current is β kA 
and the maximum difference voltage is set to 
240 v. 

IX CONCLUSIONS 

The studies described above showed that 
the JET electromagnetic system is capable of 
producing 7 MA plasma current with a 5 to 10 
second flat top time. Most of the upgrades 
described above have already been implemented 
and 7 MA plasma pulses have been made. 

In fact plasma currents higher than 
7 MA may be possible with the same stress 
levels, as plasma current is not a direct 
parameter in the limiting stresses on the 
coil system. 

• In the case of TF coils, the limiting 
factor is the poloidal flux crossing 
the coil in the collar tooth regions. 
Thus high plasma currents are accep
table as long as excessive shaping 
field is not required in this 
region. 

• In the case of the PF coils or, more 
specifically, the PI magnetising 
coil, the limitation is the available 
flux swing and pulse length. Thus 
higher plasma currents can be pro
duced at the expense of pulse length 
or if other methods of.minimising 
flux consumption are found. 

In both cases the coil systems are 
fully protected against damaging operating 
conditions and are ready for whatever mode of 
operation may be required. 

In future and especially when the 
coil systems become inaccessible in the 
tritium phase, development will concentrate on 
power supplies and protection systems to make 
best use of the equipment already installed on 
the torus. 
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