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I. INTRODUCTION

This report covers the Phase I contract performance period

from June 9, 1980 to June 8, 1981. All the program objectives

were achieved, and indeed the demonstrated HgBr laser electrical

efficiency of 2% was rather higher than had been predicted before

*the work began. The HgBr single pulse laser energy was scaled to

10 J.

-.[ In the course of this work we have substantially advanced

the kinetic understanding of the HgBr laser, and in this report we

. present the first detailed description of the excitation mechanism

by direct electron impact on HgBr 2 .

From our extensive parametric studies we have identified the

dominant kinetic processes (quenching, absorption, and attachment)

m which govern the HgBr laser behavior in an e-beam sustained dis-

charge. A model has been developed which predicts laser perform-

- ance to an accuracy of + 10%.

In the second half of this report we apply the discharge

model to the design of a 2 J, 100 Hz long life HgBr laser system.

. Our conclusion is that such a design is entirely feasible. The

precise control that is possible in e-beam sustained discharges

" allows a conservative design of the laser cavity and flow loop

within a compact overall system.

In conclusion, the e-beam sustained HgBr laser has been

demonstrated to be efficient and powerful. An approach to design

has been developed which is relevant to a wide range of potential

applications.

13
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I. TECHNICAL PROGRESS

A. KINETIC MODEL AND EXPERIMENTS

I. Introduction

An extensive range of experiments has been performed in

* order to understand the HgBr laser kinetics and discharge char-

acteristics. This has been successful to the extent that there

are no remaining uncertainties in the laser modeling which might

otherwise affect the design..4

The main achievements have been to demonstrate laser elec-

trical efficiency over a wide range of operating conditions and to

generate a model of the laser performance which is capable of pre-

dicting laser efficiency to within + 10% accuracy.

Because of its importance in the model, a detailed study has

S i been made of the HqBr*(B) formation process and the first complete

set of electronic excitation cross sections has been derived from

-:the experiments. Use of this set in a Boltzmann code has given a

.. complete description of the formation efficiency as a function of

applied electric field and HgBr 2 number density.

The experiments were performed on two different machines.

The small-scale device had an e-beam entry aperture of 1 x 23 cm

and discharge spacing of 1 cm. The 1 m device had an e-beam aper-

ture of up to 10 x 100 cm and a discharge spacing of 4.5 to 8 cm.

The discussion is divided into Section II-A-2 which deals exclu-

sivelv with experiments on the small-scale device and the associ-

ated kinetic modeling, and Section II-A-3 which covers the 1 m

device experiments and modeling.

1 5
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2. Small-Scale Experiments

a. Experimental Methods

The discharge chamber is shown in Figure 1. The e-beam vol-

taqe was 125 to 150 kV and its current density was controlled by

2 2attenuator screens in the range 0.5 A/cm to 2.5 A/cm 2
. The

discharge anode had a Chang profile to give a field uniform to

+ 10% over a 1.1 cm width. The chamber was kept at 220°C and

HgBr2 density was varied by controlling the temperature of a

'sidearm' reservoir.

The discharge was driven either by a capacitor or a "PFL," a

pulse forming line consisting of paralleled cables with a nominal . -

impedance of 3.36 S. The capacitor circuit is shown in Figure 2

and typical waveforms are shown in Figure 3. The PFL circuit is

shown in Figure 4 and typical waveforms in Figure 5. The "square

topped" nature of the PFL pulse was important in determining

steady-state fluorescence and laser behavior, and contributed much

to the precision of the kinetic modeling.

For the purpose of gain and absorption measurements a tun-

able dye laser was employed as shown schematically in Figure 6.

The measurement of small absorptions required a double-pass con-

figuration. This was actually collinear, although separated in

Figure 6 for clarity.

Voltage and current measurements were estimated to be better

than + 10% accurate. Sidelight fluorescence was viewed through a

handpass filter by vacuum photodiode. Laser output was monitored

by photodiode and calorimeter.

The foil material was 'Kapton', 2 mil thick, aluminized on

the side facing the e-beam cathode. Windows were fused silica.

The magnetic guide field wa.i 1 kG. Throughout the experiment the

e-beam, driven by a dc charged cable, functioned very reliably.

This reliability was a major factor in the completion of extensive

parameter variations in both discharge conditions and gas mix.

b. Modeling of HgBr* (B) Formation Process

In the first report of a discharqe HgBr laser, (1)

Schimitschek and Celto suggested that the excitation mechanism

16
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"'ij- ure 5. Typical Laser Discharge, Sidelight and Output
ChaLacteristics with Cable PFL
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Figure 6. Apparatus for Gain and Absorption Experiments
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might be a collisional dissociation of HgBr2 by electrons

analogous to the well known photodissociation process. They did

ot, however, estimito a rate constant for electronic excitation.

.' * Irk 1 978 ALL isoii jiid Zuiri () reior Led absolute measurements for

the electronic excitation of HgBr 2 to give HgBr(B-X) fluores-

cence, which gave a cross section a < 1 x 10-20 cm2 for elec-

trons between 5 and 25 eV and a peak cross section at -- 200 eV of

only 1 x 10-19 cm2 . Because of these small cross sections

several later authors sought to explain HgBr laser action in

N2 /Ne mixes and Xe/Ne mixes in terms of (a) electronic energy
". (3,4)

transfer from excited N or rare gas species to HgBr2 ,

or (b) recombination of HgBr o
+  It was also suggested (6 )

that HgBr*(B) could be formed in an attachment process producing

Br

our preliminary experiments showed an approximately equal

formation efficiency in any of the rare gas buffers Ne, Ne(10%

Xe) , Ar, Ar (5's Xe), and mc.:eover strong HgBr(B-X) fluorescence

a was observed in Ar buffer at E/N values where the excitation of3 3

the Argon resonance levels (Ar* 3 PI  P2) at 11.5 eV was

extremely small. The inference was that here Ar* could not be

involved in the production of lgBr* (B), whether by a Penning

. .

1. Schimitschek, E.J. and Celto, I.E., Optics Lett. 2 p. 65

(1978).

2. Allison, J. and Zart, R.N., Chem. Phys. 35, p. 263 (1978).

i. Chang, P.S.F. and Burntfam, R. , Appi. Phys. Lett. 36, p. 397
(1980).

4. Nighan, W.L. , Appl. Phy:. Le_,tt. 36, p. 173 (1980).

5. SchlmitscheK, E.,J. and CeLto, J. E., Appi. Phys. Lett 36, p.
176 (1980).

6. [gani , . , lHokni , M. andI Yats iv, S., I. Chiem. Phys. 75, p.
164 (1981)

,S.
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process to HgBr followed by recombination, or by a direct

energy transfer such as Ar* + HgBr2 - HgBr* (B) (In any case,

Chang and Burnham (3) had not observed any HgBr(B-X) fluorescence
3from HgBr 2 in the presence of Ar( P 2 ) metastable atoms). It

was concluded that the primary HgBr*(B) formation process, at

least in Argon buffers, had to be a direct electronic excitation

of HgBr2 "

Three candidate process were considered for this role:

(1) Inelastic Collision

HgBr2 + e HgBr2 + e - HgBr* (B) + Br + e-

(2) Ion Channel

HgBr2 + e HgBr* (B) + Br
2 2

(3) Attachment

HgBr2 + e -* HgBr* (B) + Br

Process (2) and (3) were not compatible with our experimental ob-

servations. In particular, our measurements of absolute fluores-

cence efficiency and attachment rate coefficient led us to

conclude that the Attachment Channel (3) was 10 to 20 times too

slow to explain the observed fluorescence power. The Ion Channel

(2) implied discharge ionization rates that were incompatible with

the stable attachment-dominated discharge that we observed over a

wide F/N range. Also, no delay in fluorescence was observed

(rde < 10 ns) which would have necessitated an Ion Channel
delay

recombination rate of 1 100 times greater than rates typical of

dissociative recombination.

We concluded that Tnelastic Collision was the dominant

HgBr*(B) formation process in Argon buffers, and attempted to syn-

thesize a realistic set of HgBr 2 electronic cross sections to

describe the process and allow extension of the modeling to other

gases.

24
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As a starting point we had available cross-section

measurements (7) of the attachment process HgBr2 + e- - HgBr(X) + Br-

and also of the ionizaton process HgBr 2 + e - HgBr+ + 2e- As
2 2

' .~ trial Inelastic Collision processes we chose HgBr 2 dipole

allowed processes which appeared in optical absorption at

- 5 eV, - 6.4 eV and - 7.9 eV. These will be discussed in turn.
(8)• . 5 eV Process: In optical absorption this extends from

250 nm down to 210 nm and has been associated (9'1 0 ) with the

photodissociation of HgBr 2 into only non-fluorescing products,

(11))
probably ( ) HgBr(X) + Br. Although the 230 nm optical absorp-

tion is assigned~1 l ) to the 11 E + - llir transition, nearby3+ 3ii+

and states are also accessible by electronicU U

• collision and could provide the dominant contribution to the exci-

tation cross section nea-r 5 eV because of the relativly peaked

.etiavior of singlet-triplet processes near threshold. We, there-

fore, assumed that the 5 eV process peaked at 6.5 eV and had unit

turancring to Hgbr(X) + iBr.

6.4 eV Process: This corresponds to a band between 190 and

Z10 nm in optical absorption, whicn leads to HgBr*(B) fluorescence

with unit quantum efticiency. (8) Its assignation (11 ) of
n +as een confirmed by a measurement (1 2 )

f(I ttv- ju1drizdtion dfpendence of HigBr*(B) fluorescence following
*p.iotudl %soclatlor it 193 nm. Ae assume tnat the electronic exci-

t t II io cross-s.ct Ior ped Kf S at 4 times the thiresholu energy sy

Allogoqy wit-i oth#r :tlet-sinq1<• transitions. Aitso, we suppose

r i i, , t. . , i;J I !i :I , S . 3 , , 2. . iny .5 . LA-tt

,. , 'I, 2, K., 7. P y/::. ' , r,. Oil 1 i 7 1' 7 1992)

P . J . .I . 4 f -I

I .. . . . . . ..'.] l %•t 1 ( [/ Y. 2. ; ,4 : H ;

S1- % C f. .. '. .. . . . .
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that in the 6.4 eV process HgBr 2 dissociates rapidly (>> 10 9/s)

into HgBr*(B) with unit branching, by analogy with photodissocia-

tion.

7.9 eV Process: There is a very large process at 7.9 eV in
(13)

the electron energy loss spectrum for HgBr 2. Also at

159 nm (7.8 eV) there is a strong optical absorption (9 ) which

leads to fluorescence in the 270-250 nm region. Accordingly we

give this process a singlet-singlet shape of cross section, peak-

iny four times above threshold, but with zero branching to -.

HgBr* (B). We shall refer to this HgBr 2 * (7.9 eV) state as the

HgBr2 'complex' level and use it both as the terminal level of

dissociative recombination anu as a reservoir for a two-step ion-

ization process. As a first estimate we give the levels in the
'cmlx naeael)8 -l

complex' an average 10 8sec decay rate, with 0.5 branching

to HgBr2 (X) and 0.5 to HgBr(X) + Br. The exact value of th.

decay rate has no influence on the laser modeling predictions.

Given this trial set of three inelastic processes, and using

tno LUTRC attacnment ani ionization cross sections a fit could be

macI to our oxperimeritAl f luorescence versus E/N data. For tois

pJur:)oi'lt an estar) I isi Bo Itzmannn code was used, whicn nandiled

,. ast ic , ii lastic, ionizat io, :ind attachlment processes. A tested

... A, ,', [o cro: . ,t ni ns wa IiiIoy co, the only really opera-

f w.'imr tiit fur :v jrtit i transfer tcing very

mr~~~t ~ ~ ~ ~ ~ I a:w. twa rI idtat tfie code predicted experi-

. . ;r., Ar 'ir it , cit ( 5 to tu4tt.r trun 10t accuracy. The

,; to i;o ;. .; : t) j(. i '' t:o#2 1 1 t to (i3td shown in

" :rd'i J~t , . ,' ,) " ie(x C to.s section was

v_:,is c] ,tit i ci :. '>i-i . i, attacInt t tn e x-

i~t ..~ ~vi 1-X :L :_j fP) Ct0 1 U t
"1. : 'j v. 1, x I ( t f. wa

Ii C, ft (C

'- ., '. ) *';. {, I i 1Ja l *:t isin () ti eut

o~n tI. 11 . o l:i/i r. '

F.-

AVCO v V[-[ mTT|



_6

0
5- ° Hg Br* (B) o Ar, 0.8 % HgBr 2

"M ... m Il 4-

Ih..L0
M LL 3-

z -o EXPT

0 2- 0 - MODEL

0

0* ~ 0
iT 17 i0-16

J8824 E/N (Vcm 2 )

S. Figure 7. HgBr*(B) Formation Efficiency as a Function of E/N
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2. The magnitudes of the 5 and 6.4 eV processes were ad-

justed in tandem until the observed fluorescence effi-

ciency and voltage dependence were fitted by the 6.4 eV

process.

Figure 7 shows that a good fit was obtained, which tends to

confirm the three-process assumption. It was not possible to fit

the data accurately with a two-process model (i.e., leaving out

the 5 eV process) because the 6.4 eV excitation would then peak at

E/N -z 6 x 10- 1 7 Vcm and not at the hiqher experimental value.

Vibration, rotation and elastic processes for HgBr 2 were

tried, but had negligible effect on the excitation rates or drift
-17 2

velocity for E/N > I x 10 Vcm They were therefore

omitted from the cross-section set, which is shown in Figure 8.

In order to give better agreement of the computed attachment rate

(Figure 28) with the Avco experiment, the UTRC attachment cross

secton was scaled up by 1.1. The best fit cross-section set is

shown in Figure 8. It is difficult to put accurate estimates on

the magnitude of the 5, 6.4 and 7.9 eV cross sections, because

assumptions have been made about shape and branching ratio. If

these assumptions are correct, then the magnitudes are determined

to a tolerance of + 50%. However, the predictive power of the

cross-section set in HgBr 2 /Ar mixes is considerably more accu-

rate than this, being determined by the experimental error hounds

of + 10% on formation efficiency.

c. Comparison with Experiment in Different Gases

Argon: The discharge fractional power to each process is

shown in Figure 9. The 6.4 eV process takes only 13% of the power

at its maximum, and the largest process is the dissociation of

HgBr 2 via the 5 eV channel. There is still almost a 10% argon-1 7 -16 2 "
elastic loss in the 5 x 10 1 x 10 Vcm F/N ranq, of

most interest to lasing. The effect of this elastic loss hecomes

apparent in Figure 10 where the HgBr 2 percentaue is varied. The 

formation efficiency declines at low Hqfir concentration because
2

of increasing Ar elastic loss. At thi, ./N for most efficient

2T
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-16 2lasing ( I x 10 -  Vcm Fiqure 10 shows that the effciency

of formation is predicted to optimize at - 0.8% HgBr 2, which is

also the experimental optimum lasing concentration.

The drift velocity predictions are shown in Figure 11. The

drift velocity is increased dramatically by the presence of -

HgBr 2, an effect which is traceable to the 5 and 6.4 eV cross

sections principally, because electrons return to an energy region .

of low elastic loss following collisions. The comparison of dis-

charge impedance with experiment (Section II-A-2-n) indicates that

there is definitely an enhancement of drift velocity over that in

pure Ar.

Neon: The computed fluorescence efficiency in neon is shown

in Figures 12 and 13. It peaks at lower E/N than in argon but is

of approximately the same magnitude. Experimental points lie

slightly below the theoretical curve, hut the qualitative behavior

is well predicted. Remembering that the ionization/attachment

balance was used to fit the 7.9 eV process in Ar, the predicted

point of arcing in neon (Figure 14) is in excellent agreement with

the highest E/N that can he achieved in a stable discharge in neon

(Figure 13) .

Neon, 10% Xe: The computed fluorescence efficiency for this

mixture is compared with experiment in Fiqure 15. Both theory and

experiment lie between the pure Ne and pure Ar cases, in qood

qualitative agreement. However, in order to obtain this fit an

assumption had to he made concerning the effective branching ratio

from Xe* to HqBr 2. Experiments have shown (3) a unit branch-

ing ratio for the process -

Xe* (P 2) + HgBr 2  HqBr* (B) + Xe + Br ",4*

However, the branching ratio for Xe,*( 1 ) i! not known, nor is

3 3the relative discharge production ratio of P to P2 well
known. The present thoorot ica] curvP.s ,as!;um0 that only' 10G of al l
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'a

3p 32
discharge excitation of Xe* (, P.) contri htites to

HqBr*(B) by a process with unit branchinq. At E/N = 8 x 10 17

2
Vcm , Xe* accounts for 40% of the HoBr* (B) fluorescence in the

Ne, 10% Xe mix. .-

Argon, 5% Xe: This mix showed a higher fluorescence effi-

ciency than pure Ar in our experiments. The theoretical curve,

again with 30% Xe* branching, is shown in Figure 15. At E/N = 1.4

x 10 - 1 6 Vcm 2 the Xe* contributes - 35% of the lIgBr* (B) fluo-

rescence.

Because in both Ar*, 5% Xe and in Ne, 10% Xe the HqBr(B)

fluorescence is well modeled, even for substantial Xe* contribu-

tions, further confidence is gained in the HgBr2 cross-section

set. However, the prospects for using higher Xe concentrations to

obtain higher laser efficiency are not good, in view of the low

(30#,) utilization of Xe* excitation. . -

d. Specific Fluorescence with Different Buffer Gases
2

At constant e-beam current density of 0.5 A/cm , different

isuffe r gas mixtures were used in the capacitor driven discharge.

Thf- fluorescence of each mix was integrated over the stable dis-
4

char(ie duration before arcing and plotted against discharge elec-

tric field (Figure 16). These curves are a measure of the

rrlative, Iasing specific energy to be expected in the different

hutff'r qase s. Although the Ne, 10% N buffer gives the highest
2

potential specific energy, the relative fluorescence efficiency

(Fiq(ire 17) is five times less than for any of the rare gas huf-

tf,rs. The poor fluorescence efficiency in Ne, 10% N led us to
2

d ( sont inue work on this mix.

r I ,aser Performance with Different Buffers: Choice of Argon

Although the fluorescence e-fficiency is very constant for

di f .r,,nt rare, gas utiffor mixt ure, the lasinq performance and

i''tirq , s',tahi litv arl, sItIInt lv di fferent . Relative laser

intrinsic efficiency i _; shown in Tab(le 1 for 0.8 HqBr in 22

,'magat of various huffor mixes. Al:;o incluided is a 1.6'1k figBr,

In 1 AI rmat Ar dtaiti point.
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Figure 16. Integrated Fluorescence with Different Buffers
at Constant E-Beam
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°0 .

*

TABLE 1. RELATIVE f,ASER INTRINSIC EFFICIENCY OF DIFFERENT MIXES

RELATIVE

BUFFER GAS PERCENT HgBr 2  E/N (Vcm2 ) INTRINSIC EFFICIENCY

2 Amag Ar 0.8% 1.1 x 10-16 1.0

2 Amag Ar, 0.8% 1.0 x 10 - 16 0.74

3% Xe

2 Amag Ne 0.8% 6.4 x 10-17 0.69

2 Amag Ne, 0.8% 6.7 x 10-17 0.61
5% Xe

1 Amag Ar 1.6% 9.2 X 10-17 0.74

0.74~

U

°N
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The highest laser output energy and highest efficiency were

both achieved with the pure Ar buffer. The addition ol Xe to

either Ar or Ne ha d the effect of reducing Ilaser efficiency rather "

sharply. This appears to he the consequence of a Xe 2 molecular

absorption at the laser wavelength, althougi this point was not

pursued in the present study.

The data for I Amagat Ar is almost identical to that for

2 Amagat Ar + 3% Xe, both showing lower efficiency ano energy

loading tnan for 2 Amagat Ar. In our kinetic model the efficiency

difference at 1 Amagat Ar is explained by a lower deactivation

rate for the lower laser level.

The sidelight depression for the Ne buffer indicated a

slower deactivation rate of the lower laser level than for Ar.

This tact, coupled with the relatively lower energy loading ob-

tainable in Ne ( 0.5 of that in Ar) implied that in order to .

achieve specific energies ot up to 2 J/ in Ne, a Ne density of

4 Amagat would be required. By contrast, Argon gives 2 J/1 at

2 Amagat.

f. Framework of Laser Kinetic Model for Argon/HgBr2

Coupled rate equations were written for the populations of

atomic and molecular species, ions, electrons, and the spatially

averaged cavity photon flux (averaged in tn- propagation direc-

tion) . The photon equation is derived in Ref. 14. A list of the

species followed is given in Table 2. The populations of HgBr 2

(6.4 eV) and HlgBr 2 (5 eV) states were assumed neqligible i)ecaus -

of their fast relaxation into products. ilt. coupled equatlons 0

were solved using the (;ear routin "DIFSUB" tot stiff ystems.

Solution timu was typically z s on in IbM 37(0.

Excitation rates; tor ti 1(3gbr 2  proce 5;s(s- were, compute.(d t, i

a boLtzmann routine, which ridO ien tte.;tU c(rtf .l ly t j a i.

variety at gases agains;t exjer ilmnt ann oth(t c)ot-,;. I r r r to .

a voi(o repetitious calcutin)s t o t ) tio i n :,(,lutI ons, ra It,;

table was comp iled tor rongo,,; of H ,r cft(,, [it. Ln r i N. .
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TABLE 2. LIST OF SPECIES FOLLOWED IN KINETIC MODEL

Ar, Ar* , Ar* , Ar , Ar
2 2

HgBr2  HgBr2 * (7.9 eV) , HgBr2

HqBr(X) v ;: 0 , HgBr (X) v ;zr 2 2, HgBr(B)

Br , Br2  Br ,electron density, photon flux

92
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Stepwise voltage changes were applied to the discharge to approxi-

mate the smooth experimental waveform. At each voltage change the

table was consulted by log-log interpolation to derive new excita-

tion rates, drift velocity, characteristic energy, and ionization

p .

and attachment rates. The errors introduced by the interpolation

were :! 5%.

In order to model the effects of nonuniform e-beam deposi-

tion in the anode to cathode direction, the space was divided into

8 segments and a separate laser kinetic code was run in each seg-

ment. The segment E/N values were calculated by an iteration

procedure which used the running electron density in a segment and

consulted the Boltzmann table for the drift velocity. This seg-

mentation with ordinary differential equation solutions is appro-

priate when

vd p~ 1

where v is the electron drift velocity, T is the duration of

the discharge pulse and d is the thickness of a segment. if

Eq. (1) were not satisfied, the proper accounting of particle flux

between segments would require the use of a partial differential

equation approach. Further, the segmented model does not account

for optical flux between segments, and is therefore only strictly

applicable to plane-plane optical cavities where the individual

segment has a large Fresnel number. The comparison with the 1 m

x 8 cm cavity experiments is valid by these criteria.

The existence of simultaneous lasing on the 502 and 504 nm

lines has been considered. Because the saturation flux is almost

identical for these lines (see Section II-A-2-h) for the experi-

mental gain cross section) they obey the same photon equation.

Also, because of our experimental evidence (from single

14. Jacob, J.?., Itsia, J.C. ,Mangano, J.A. ,Rokni , M. , J. Appl.
Phys. 50, p. 5130 (1979)
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line extraction, Section II-A-2-o) and other work on narrow band
(15)

operation, the terminal vibrational levels are considered to

be homogeneously broadened. As a consequence we may add the

photon equations for 502 and 504 nm to obtain a single equation

which represents the flux integrated over lasing wavelength. This

will be compared to experiments which are "broadband," but it also

accurately represents the single wavelength behavior of the system.

The dominant kinetic processes are shown in Figure 18. The

experimental evidence for this scheme will be described, process

by process, with modeling of the experiment where appropriate.

g. Formation Efficiency: Absolute Measurement

The arguments for direct excitation have been given in

,' Section II-A-2-b. However, the absolute value of formation

efficiency has not been discussed in detail. An absolute

measurement of formation efficiency was made in order to "close

the circle" of the separate measurements of quenching, absorption

and laser efficiency.

Using the "cable gun" pulser with a 1 x 1.2 cm discharge

cross section, sidelight was measured in a geometry defined by two

circular apertures (Figure 19). The photodiode was calibrated

(+ 15%) using repetitively-pulsed dye laser (at 502 nm) of

measured pulse shape and average power. Uncertainty in the

collection volume was + 10% after corrections had been made for

the transverse variation of the discharge as determined by

photography. The discharge current and voltage monitors each had

an uncertainty of < 10%. The time dependence of fluorescence was

accurately modeled by the kinetic code (Figure 20) in order to

derive the formation efficiency. In this calculation electron

* quenching of HgBr*(B) was zero (Experiment, Section II-A-2-j) and
'g: 2  110 3 -1 (16,17)quenching by HgBr 2 was given the rate 2.0 x 10 cm sec

15. Schimitschek, E.J., private communication.

16. Waynant, R.W. and Eden, J.G., Appl. Phys. Lett. 33, p. 708
(1978).

17. Helvajian, H. and Wittig, C., Opt. Comm. 30, p. 189 (1979).

45
.AVCO EVERETT

........................-.-- ..-.-.-.-.............. :
. -- - - , -- . --"- .-- - . .-- " " i "- , - - : : --, -:.:.W .. : -.--.- < -:'. :- • .



e o6(j)1/ -m 1

-10 3S-1

16gr2 X~ ~ 100 m
FAS2

se DISCHARGE1

e/ CHEMISTRY
EXCIATIO

REOBNTO

Fgr18 KieiSceefrHgBr 2 /ro ae

46

AVCO EVERETT



I. rr 2 )
V -- 2W

W FLUORESCENCE

WINDOW rS 1 Tr

1 - HqBr* DENSITY
F V h x,

7 D
APERTURES S -PI4OTODIODE SIGNAL

F r.PHOTODIODE RESPONSE & FILTER TRANS.

T RADIATIVE LIFETIME
FILTERr

P.D.

J 8842

Figure 19. Geometry for Absolute Fluorescence Measurement
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.d.

The formation efficiency (= fluorescence power without
quenching/discharge power) was determined to be 4.5% (error + 30%)

in pwer)was 16
for 0.8% HgBr2 in Ar at E/N = 1.2 x 10 Vcm 2. This value

is too low (by 30%) to explain the observed lasing efficiency when

it is used in the complete kinetic model with absorptions. The

prediction of laser efficiency will be discussed in Sections |

II-A-3-c and II-A-3-d where a higher formation efficiency (6.1%)

is chosen as a more accurate fit to experiment.

h. Gain Measurement: Stimulated Emission Cross Section

Gain measurements were made on the small-scale device at

wavelengths throughout the HgBr band. A tunable dye laser of

bandwidth 1 cm was aligned down the discharge axis and its

5 ns pulse was delayed to probe the gain at various times before,

during and after the discharge pulse.

1) Measured Small Signal Gain versus Wavelength

Data was taken through the peak of fluorescence in the

capacitor driven discharge (Figure 21). The principal gain peaks

were at 502 and 504 nm, and gain was observed to vary smoothly

near the peaks, indicating a merging of rotational-vibrational

transitions at least over the 1 cm bandwidth sampled by the

probe laser. At 2 Amagats the pressure broadening of individual

lines is also - 1 cm so that this gain measurement did not

miss any very narrow high-gain line structure.

Taking the measured HgBr* (B) population in identical experi-

mental conditions (Section II-A-2-g) and allowing for lower level

HgBr* (X) v = 22 population the stimulated emission cross section

was found to be a 2.1 x 10 - 1 6 cm + 35%. However, the

measured HgBr*(B) population appears to be an underestimte. Using

the more accurate formation efficiency of 6.1% (Section II-A-2-g)

we obtain aSE 1.6 x 10-1 6 cm2 + 20% at 502 nm.

2) Stimulated Emission Cross Section by Other Methods

(a) The HqBr fluorescence profile was recorded on a multi-

channel analvzer. The details of the band center pro-

file wert fataken from the data in Figure 21. Using"
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HgBr LASER IS TUNABLE OVER 100 A RANGE
MEASURED SMALL-SIGNAL GAIN vs WAVELENGTH
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Figure 21. Measured Small-Signal Gain Near Band Center
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Sf XA

"' " where A equals spontaneous emission rate, X equals wave-

length, we calculate the peak a SE = 2.0 x 10-16 cm 2 + 30%.

(b) The lasing buildup time is obtained from sidelight fluo-

rescence (Figure 27) and the simulation of this buildup

time from spontaneous noise levels required aSE = 1.6- -16 2
x 10 cm + 30%. 

SE

3) Measured Small-Signal Gain versus Time

With the dye laser tuned to 502 nm the temporal behavior of

- the gain was studied. As expected, the gain precisely followed

the sidelight (Figure 22). This behavior indicated that there was

a steady state rapid depopulation of the lower laser level, as was

.- confirmed in the measurement of sidelight depression (Section

II-A-2-k)

i. Absorption Measurements

The dye laser was employed in a double pass collinear

arrangement ana tuned between 530 nm and the line center at

502 nm. Because of residual gain between 502 and 515 nm, absorp-

* tion measurements were only made between 515 and 530 nm. Residual

gain precluded any measurement on the blue side of the line down

to 470 nm,,

Figure 23 shows the time dependence of the absorption at

520 nm. During the discharge there was a linearly rising absorp-

tion, which averaged 0.3%/cm. (In the same experiment the gain

reached 10%/cm).

Before the start of the discharge a low absorption of

-0.1%/cm was seen, and this was present with just the e-beam on.

"" At the end of the discharge there was a rapidly growing absorption

'" which was correlatea with the discharge arc and persisted for sev-

eral tens of nsec. In a similar experiment with the PFN driven

'-'
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discharqe (Figure 24), arcing was- supres:s;!ed [ the early voltage

fall and the absorption did not- incroase afttr the discharge

pulse, but decreased to a stoady valuo, which hold for at least

700 ns.

From the above data we identifpi the most probable absorbing
+

species as HgBr 2 (the dominant ion), and HgBr(X) . Further

evidence on the intrinsic laser efficiency as a function of e-beam

current density also confirmed the assignment of an absorption to+
figBr It had been expected from the structure of HgBr that

a visible }gBr(X A) absorption would exist. A similar process has

been oredicted for HqC and degrades the HgC laser effi-

c i ency.

The kinetic code was run with varying absorption cross sec-

tions for the two processes, to give the theoretical curves in

Figures 23 and 24. From this procedure, the measured absorptions

at 520 nm are

a(HgFr 2
+) = 2 x 10-18 cm

2

-20 2

a(HgBr(X)) = 5 x 10 cm

In our initial modeling of the lasing behavior at 502 nm, it was

a.;umed that the 520 nm absorptions applied. This was suggested

i,, tho less than 30% variation of the measured absorptions from

5i) to 515 nm, and, in case of the HgBr(X-A) absorption, the ex-
(18)

vrctation that the absorption is a broad continum. All as-

pects of the lasing behavior are modeled reasonahly well using

these absorptions. However, detailed modeling of the intrinsic

lser [fficiency a:; a function of e-beam current density (Section

-i-A-3-c) and also of the electrical efficiency, Section

r-A- )-k) has lod us to u or a (fgfir (X) : 3 x 1 20 2

+ 218 2
(T (1PI .,) 2 x 10 cm at 502 nm.

WI. Jh iif.nno, . ., Kon-owilow, .)., r:. ;, M , Bn-'nk tt, • -
M. . , and ,1t,1vns , W.,. , 0pp 1. Ph'/ s. ,,t . '€ , - I (]AO 0) .
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The relative excitation curves of Figure 9 show that over

80% of the discharge power goes into the production of HgBr(X),

which absorbs.

j. Electron Quenching

An upper bound was placed on the rate constant for HgBr* (B) .
--- 9 3 -I±'

+ e - HgBr(X) + e of KQ = 5 x 10 cm sec Using

the PFN driven discharge (Section II-A-2-a), the e-beam current
2 2

density was varied between 0.6 A/cm and 2.4 A/cm , and the

fluorescence efficiency monitored. In order to have an accurate

comparison between the different e-beam cases, an externally con-

trolled e-beam attenuator was used, which allowed different cur-

rent densities to be used with the same qas fill of HgBr2 (0.8%)

and Ar.

The data is shown in Figure 25, where the e-beam current

density has been translated into electron density using the kine-

tic code. When K = 0, the fluorescence rises slightly with in-
Q

creasing e-beam, due to the recombination channel into HgBr*(B).
-8 3

Kinetic code runs for KQ = 1 x 10 cm /sec are shown (dashed-9 3 -l .
curve), giving an upper hound on K of 5 x 10 cm sec

This result is for a typical operating F/N, where the char-

acteristic electron energ v from the Boltzmann (ac ulation i . *..

k. Lower Levrl Deactivat ion

The existence of a relativly t h sidi,[1,1 i v Iev ,l E I-I,;

la5ing is evidence fo)r j 'h ott I nr ' i c. K to (at Ivat I or '

HqBr* (X) v = 22, tho lowe or1isor I ,,'.1.

In experimonts .,' ita BI N irivn 1ii-charp,, ii

m ori tored as a ftln(-tc rn t -,. .. i ;i ,, o r j n r I-

out la'ing. The 1al:i-i w: w't, l . - ' .'' (* r

p". I i pi ' Ir ' 1-',it wip ' d , ' r ! ' It . . x . r w" -.

i (.jI , q rit f I j r'c w} . . i t S r ' i ., i
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Discharge Power

AVCO EVERETT

PS



A computer simulation of the same experiment is shown in

Figure 27. The lower laser level was given the deactivation pro-

cess HgBr(X) v' + Ar- HgBr(X)v" + Ar with a rate constant of 6.0

x 10 - 1 2 cm 3/sec.

The simulated sidelight depression varied between 0.35 and

0.37, at different discharge powers. A correction was applied to

the experimental sidelight depression to allow for the transverse

variation in discharge power, which accounted for less intense

lasing in the discharge fringe regions. After this correction the

true experimental sidelight depression in the most intense region

of lasing was estimated to be 0.35, which was used to fit the de-

activation constant.

1. Recombination

It was estimated that the dominant discharge ion species was

HgBr , and that recombination occurred principally via

- HgBr + e - HgBr2** followed by dissociation on a rapid2 2
timescale into

(1) HgBr*(B) with branching 0.2

(2) HgBr(X) + Br with branching 0.8

By analogy with similar processes the recombination was estimated

to be

6- _ 1/2 3 -1
1 0  TGAS cm sec

where TGAS is the gas temperature and c is the electron charact-

eristic energy (oK). Because the characteristic energy was in

the range of 5 eV, the effective recombination rate coefficient
-7 3 -was - 1 x 10 cm sec This gave the observed

attachment-dominated discharge conditions (Section II-A-2-n),

* except possibly at the higher e-beam current densities (Z 2
2A/cm ) , where there were indications that a slightly lower re-

combination coefficient might apply.

4-
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m. Attachment

In principle, dissociative attachment could occur by two

processes

(1) HgBr 2 + e - HgBr(X) + Br

(2) HgBr(X) + e - Hg + Br

However, theoretical analysis ( 1 9 ) has shown that there is no

curve crossing to allow process (2) to occur, and that it should

have a very low rate. The attachment rate for process (1) had
(6,7,20)*been the subject of a number of measurements, not all in

agreement, so a new measurement was undertaken in discharge condi-

"' tions relevant to the HgBr laser. The capacitor driven discharge

was run at relatively low E/N (4.5 x 10 - 17 Vcm2 ) and the cur-

rent was monitored following the e-beam termination. The current

decayed exponentially and an attachment rate of 1.1 x 1010

3
cm /sec was deduced at the operating E/N. This value was close

.*- to that predicted by the Boltzmann code, using 1.1 times the UTRC

cross section (Section II-A-2-b).

Experimental constraints prevented accurate attachment mea-

surements at either higner, or lower E/N values. The predicted

attachment rate (Figure 28) was relatively constant through the

operating E/N range. However, in later experiments on the 1 m de-

vice clear evidence emerged for a slope on the attachment rate in

the sense that it increased with applied field, with a slope of
-1 in the E/N range 5 x 10-17 7 x 1017 Vcm 2. This is

* seen in Figure 33(B) where the applied voltage increases after

150 ns and the current dips. Possible explanations for this

discrepancy are:

1. The attachment cross section may be modified by vibra-

tional excitation of HgBr 2.

2. A second attachment channel exists via an excited

HgBr 2 state, which has been missed in the UTRC cross-

section measurement.

19. Krauss, M., private communication.

2o. Brooks, H.L., Sierra, R.A., Nygaard, K.J. and Fletcher,

private communication.
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.I

Further refinement in the discharge modeling will require a

re-examination of attachment as a function E/N.

n. Discharge Impedance and Arcing

(1) Discharge Impedance

The kinetic model was able to give a good prediction of the

discharge impedance, as determined by experiments with the PFN

- driven discharge. Without a two-step ionization process we ob-

tained the solid lines in Figure 29. In order to remove discharge

geometrical factors and e-beam deposition from this comparison of

the model with experiment a separate experment was performed in

pure Ar, which has a precisely known drift velocity and zero

attachment. In pure Ar the measured discharge impedance agreed

with theory to within 15%, at an e-beam current density of 0.55
2A/cm If we believe that the attachment rate is known to

within 20% then it follows that the drift velocity in HgBr2 mix-

tures has been predicted correctly to within + 30%, confirming its

calculated two times enhancement over that in pure Ar.

(2) Two-Step Ionization

In Figure 29 the experimental points stop at the E/N at

which the discharge arced before the termination of the 120 ns PFN

pulse. At the highest e-beam current density the arcing kccurred

M at a substantially lower E/N. This is not explicable by a single-

step ionization process, but is characteristic of a two-step ion-

.. ization process. From photography on the small-scale discharge

and streak photography on the 1 m experiment the arcing was shown

to be volumetric, rather than in spatial channels.

A two-step process was added to the model by giving a direct

ionization process to the 7.9 eV HgBr2** state. Because the
2

threshold for this process was only 2.7 eV and the characteristic

electron energy was 5 eV the process was given a constant rate,

independent of E/N. The dashed curves in Figure 29 show the

effect of a two-step process rate of 2 x 10 8 cm /sec. (This

value is of course dependent on our assumption ot a blanket 108
-i

esec decay rate for the 7.9 eV state.) With the two-step pro-

cess it is possio)le to cause discniarge arcing at decreasing E/N as

63
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the e-beam current density increases, in qualitative agreement

with experiment. The slope of the computed two-step curves (Fig-

ure 29) is too high, but would be modified in the right direction

by the use of an attachment rate which increased with increasing

E/N, as suggested in Section II-A-2-m.

In conclusion, there is good evidence for a two-step volu-

* metric arcing process as the primary limitation on discharge

energy loading. The kinetic model predicts discharge impedance to
2+ 20% in the 1 A/cm e-beam range, which is adequate for design

purposes, since either HgBr 2 concentration, total pressure, or

e-beam current density may be used for "fine tuning" of the dis-

charge impedance, if necessary.

o. Injection and Single Line Lasing

Injection serves the twofold purpose of decreasing the laser

flux buildup time and locking the oscillator frequency to the in-

jected frequency. In the small-scale experiments the buildup time

without injection was - 25 ns, as seen for example in Figure 26.

An experiment was performed with a pulsed dye laser tuned to

502 nm to explore the possibilities for increased energy extrac-

" tion and single line operation.

Without frequency selection the small-scale laser oscillated

with an energy ratio 502 nm (62%) :504 nm (38%). With a 10 ns
4

10 W pulse of bandwidth AX <0.1 R at 502 nm injected at the

beginning of the discharge the energy ratio changea to 502 nm

(80%): 504 nm (20%) with a frequency narrowing to AX < 1 R at

502 nm. Without injection the bandwidth of both lines was

•I X , 6 A.

Additionally an increase of 10% (40 to 44 mJ) occurred in

. the total output energy. A higher injection power would have been

needed to extract the further 10% of energy still being lost

through buildup time.

Figure 30 shows the sidelight and laser pulses at 504 and

504 nm, with and without injection. A measure of the effect is

the decrease in the initial sidelight level, which is due to a

higher intracavity flux at early times.
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Figure 30. Sidelight and Laser Output vs Injected Power
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Evidence from this experiment and also from 
other work(

5 )

shows that complete energy extraction will be possible on a single

line (502 nm) at very nearly the same efficiency as is observed
with two wavelength extraction. This is good evidence for the

rapid vibrational mixing of the terminal laser levels, which al-
8 -l

ready is thougnt to be faster than the 3 x 10 sec overall

* decay of the lower laser level (Section II-A-2-k).

In conclusion, energy loss due to cavity ruildup time can ne

recovered; energy can be extracted in one iine witr littie loss in

efficiency; and narrow banding down to 0.2 R should not present

* any problem.

p. Voltage Standoff Recovery

The flow velocity required for tne gas moving trroar tne

discharge region is established by two critieria. One is the

amount of time required for the recovery or medium homogeneity.

- The other is the distance that discharge heated gas must be moved

after each pulse so that there is no possibility ot arcing through

* this hot gas region during the next pulse. Since the flow power

goes up as the cube of the flow velocity, it is important to de-

termine the lower bound on the flow velocity (flush factor) set by

each of these criteria. The potential difficulty of downstream

P arcing through the discharge heated gas was investigated by a ser-

ies of experiments conductea on the small-scale device.

In these experiments, two voltage pulses were applied to the

discharge electrodes. The first with the normal e-beam current,

and the second, 2.5 to 5 ms later, without the e-beam. Tne vol-

tage applied during the first pulse was the normal 6 kV/cm. In

excess of 10 kV/cm could be applied during the second pulse with-

. out seeing any signs of breakdown. Since the 2.5 ms pulse separa-

tion correspond to a 400 iz rep-rate, it is clear from these

,- experiments that when e-beam controlled discharge is used a-cin

trirough discharge heated gas is not a consideration in estahlisn-

- ing the (as flow velocity in the H}Wr laser sy.;tem.
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2. Energy is reflected from the discharge back into the PFN

by impedance mismatch. This loss tended to be higher

for the highest e-beam cases.

3. Energy is lost during the buildup time for lasing. This

is typically 30 to 60 ns in the present experiments.

4. Enerqy is lost if an arc prematurely terminates the dis-

charqe before the PFN has unloaded.

Hiqhlights:

-. Maximum Fneryv: 9. , ,it ].Q4F electrical eff cincv

(3 (, ns ,T0 ij ] o Pr>, s, ,, )

2. MaximuT Iuinir.s 1- t i'';enc'': .2 at 7.0 J (3CG n0
mod if ieo, PF'>, 1 .4 3.
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voltage and current were compatible with the 0.6 PFN impedance

and accurately calibrated charge voltage.

Laser Energy Measurement: The calorimeter was a Scientech

Model 36-0401, 4" thermopile used with a Model 36-4002 indicator.

The following methods of calibration were used:

1. Use of dc substitution power to heat the 91.281 Q

Manganin wires embedded in the calorimeter head. The dc

supply voltage was calibrated with an HP Model 6920B

calibrator (+ 1% traceable to NBS). A correction for

98% absorption in the visible was applied. The overall

calibration accuracy was + 2%.

2. Pulsed substitution energy from a capacitor (known to

+ 5%) charged to a known voltage (+ 1%) and discharged

into the manganin heater wires. Overall accuracy + 5.4%.

3. Comparison with another Model 36-0401 calorimeter.

In the measurement of laser output energy the entire laser

beam impinged on the calorimeter surface and no assumptions were

made on its spatial homogeneity.

The laser temporal pulse shape was measured with a Hamamatsu

Model R617-02 vacuum photodiode terminated into 50 and displayed

on a Tektronix Model 7844 oscilloscope.

SEfficiency of Energy Transfer: Typical voltage, current and

laser intensity traces are shown in Figure 33. In that figure,

part A resulted from the use of a simple PFN which consisted of

the paralleled cables described in this section. The discharge

impodance dropped by approximately a factor of 2 during the pulse.

1Part B refers to the use of a matched impedance line pulser, re-

f-rrod to hpre as a modified PFN, where the net result is an ex-

'rf-efmly qooni averaqe impedance match to the discharge. The present

xper innt has demonsitrated thaV. - 95% energy transfer can be

" ,r:Wh pv-d from a ('all, oner(iy !;toraqe device to a typical laser

1,;c,,ir(i r load where- impociance is il in ott. In the case of the

.., r 1,2'r ,ir. ,,h,.'i , vanta(To of ,oo- ni IK/N hiqh is the rela-

''; r,yVr r t f I f f, F ,N .
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Without the modified PFN, laser intrinsic efficiency was sub-

stantially lower in the second half of the pulse.

. c. Laser Intr insic Ef ticenc,

* The intrinsic efficiency is defined in Section II-A-1-a.

Fiqur e 34 shows the obsorved intr insic etficiency as a function

P E/N and o-beam cu:rrent density. We note that the experimentalp

efficiencies lip nelo)w the curve (dashpd line) derived from the,

formation eff icin y as j f(rnct ion t K7N (Sec ion I I-A-2-h

mult ipl ied ,, 0. 7, the pnerqv ,oxt r.ict lan. in the absence )t a!.-

r()rpt ,on (,Sct in TI -A-2-K) . A" nrerpasInu current density tV.

I ()in ah sorpt ian (Sect i )n 17 -A~ 1 r",I ,u(I t ic intr Ins ic e ft I -

c c nc,. The. ,r.et I( ()dee pr .i di ct ion sn are shr)wn in Fiqiir, A

1i i AT 111 11 Ar -ind4 I ret iect Ivitv" -it puit mi rr,.

r r OL 1n 1 r I IT i ia :. r Aft I was cptv i ty

v f r * r r .
- t , """ : t o t 1 '7 A
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The fractional variation was less in the 8 J 10 J energy ranqe

because of the relatively smaller contribution of the calorimeter

zero fluctuation at these energies.

There was a slight decline in output during this sequence,

which we believe was due to the use of a stainless steel chamber -

and viton "O" rings which upset the HgBr equilibrium chemistry by

binding Br atoms. There are several possible ways in which Br

depletion can reduce the laser efficiency:

1. By leaving free Hg or Hg2 Br in the vapor phase,

which alters the electron energy distribution and hence

the excitation efficiency of the 6.4 eV HgBr2 process.

2. By causing the producton of volatile bromides which ab-

sorb at the laser wavelength.

3. By reducing the HgBr 2 density (at an E/N value where

the formation efficiency reduces with reduced HgBr.2).

A further, less likely, possibility is that chamber outgass-

inq 1)L o]uced enough N2 to affect the formdtion efficienIcy. As

little as 0.5% N2 in Ar reduced the formation efficiency by 20%

in an experiment on the small-scale device.

Contamination issues are addressed in Section 1I1-J of the

proposed 2 J desiqn.

f. Dischargo Energy loading limits

During the course of the I m (.xperiments insioht was aained

int) t he factors aff ct-inq enerqy! loading in fq Br 2/Ar sustained

Vn charges. Streak photography ronfirmed that the arcing which

~i ttd enerqy loadinq was trulV vo]]metri(- and indicated itbs

ii.fndr-nr-', on the linif rmity of ->.a, rjcpOsjtion.

d,, depo iton IInIformit w I I I let 1, (1 at ,,

ier).: it ion at tho lefo trode, f ur thost t r ( the o- , ,n .t ' tr i t

1:' etjo? ion ., 1 nt to) tn t i. r2 , I .wv.n ,:

t Ofl r , n ,-r l .iF I h .Irw, ' mu . ., : f I. tt T 1 1 1

-' it ! ,t * : < r' r A ,. -
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The energy loading for a given e-oeam current and depositio-

uniformity was a weak function of either E/N in the range
1 - 1 7  8 x 0 1 7 Vc 2  "
0 1 Vcm, or HgBr2 concentration in the

range 0.4% to 1%. This suggested the graphical presentation in

Figure 38 for the experimental energy loading limits. Maxirmum-

energy loading occurs at - 2 A/cm . The pnysical reason for

such a maximum is the rise of a two-step (n dependent) arcin,e
process as the e-beam increases, which offsets tne sta;llilt,

gained by having a source-dominated ionization rate.

The discharge energy loading degraaes witri decreasi!.,; ,T;.-

ition uniformity, but is still tolerably good at o.6, w.er . ;:,,O-

of the I m device experiments were pertorm.d. The ma p , '.,t

nonuntormity is to cause hiqti electric f iC 10s i n L; u o.

deposition, wricl. tntin nflvd :it.*_r i 1c;, cit.

f: lctron dens 1 ty necomes mort u i f orm, t re iwer irip. r . .

Aefjositlou[ rei1o0n i,; reldtively iis~reased, Iedli tc i t., -ttc;

InlIzat 1I r nuw vA. ro streaK , otQo rapry . ujpoI ts t!. -  .F .t ,

U ~ eS iC p~n:I-.n lVd~ii1O._ escr iiLej

*( .9 1 l i t f,]' , 1- i i 'w. j, . .i : -%' . r t1 * ' r t' - : . tI[ tI K' ] :t i<-
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* ~ ~~~~ I n [t A ~ . I

1 1 11 1. Z' a t I-,

i-I t. I Ip r I rt _1 a j r r ow

K ~ ~ ~ ~ ~ ~ ' 1 . K .. > i j.>t11 tUfl:c_. Ve r tici aifl

1..~'r. ,etiliuu5ii trie (1150 argf- aperture and i so-
m  1()[, 4fl)it I.. ':I~t rpo l"dt I'(].~ data pa ints. Care was

I v)f .tIW Ira t ipi, Lr i rum x- rays , and a small car-

I It ft Mt, :ea I ro #,(I Vct a t t ie steady applied

w-,.rti t_- awK-i fuor ini tur~i a kG mag3netic Ifield case

4< 1 1 ofl i: IU .- olverg iog t icid case (d00 G at the

*-i~~.j!.~ .ary)OOlU at tho opposite electrode (Figure 42).

no 19 (~St(iL :Oa rge-_ eneryy loaniingj was actually acnhieved

~;1o5 d7( (iver 4inq f ield, fur a re-ason connected with the self -

() Ai ul f.1: or ;- cdr r(,iiL ( p to 3(A) (;) whicii was in a direc-

Iu Vij h t ly I)11 (-- t e ie-U mr i n t he_ d ischa rge cell.I T hi1s

'i-( Iot- loua5 no t flouw up1 inr thei depo s it ion e xpe rime n t, whe re ther e

no u !d- hnrar,4 ( ru r r ,n t. luwevar , it is evident in the spatial

2epISerie t thu I ac,,r outpu t oni applied magnetic field (sect ion

II-A-3-j). Lvidantly, the diverojinq field counteracts the pinch-

I n ~ I'c ,to urfaa te o~pt imlum dis3charge uniformity.-

In (3e-erali, the- magjnet ic ielod is3 necessary to obtain the

betoverall ef fic iency f rom the usta ined d iscnarge HqBr laser,

o)r t he 1? u'l L ow i nq r a' on s

I. by guidjing the e-beam into tnef cell through the foil 1
ajperturt , the' e-JaiipWOt requ1irement is minimized.
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v. Figure 41. Measured E-Beam Deposition with Uniform Magnetic Field
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DEPOSITION CONTOURS
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Figure 42. Measured E-Beam Deposition with Diverging Magnetic
Field

E.

88

.AVCO EVERETT -.- S

. - . . . .-. ._

'": -e'/ ," ," /' '. * -" ", ' " .: -: ""-"-- - a. "'- ". . " .
" -- "". -" " -' '-" "-' ".""" ", "." N" "-" "'" "*" "'" "'" """
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, - r n f

i I r em ..n w I r .,m n 4, r1

,-." ., i" . r,1 on a t 1 i -n' , *, ,

-" l<II)4I ,Air ?ernent Wt !.t *~t p, s.';'rc1 ''X:,*r~' I r ,mTt. s'i i t it wit; l

"" ,'.mpitat.1i)n ate ol wn in >"litJ ' 4 , whi'c,. appl.ier> t{) pt,,ciS&.-

1xperi im n tal 'orvit ion s ot 1 itir" 4 .reo sam e oIf has aIs,
S1v Py n xcel nt qreement w it h a I-itr, r wr 1 1-documeinted ,tepos it i

ex r i ment at UJ kV w1 thoI t L ma l,'t l e f I PeId

Without iloinq into detai s of the co( e at this point w,

shall use its results to design the maqneti(- guide fields which-:

control the dJischarge. volume, conf ident (of a deposition accu att-

of better than + 10%.

j. Laser Output Spatial Prot i e
Photographic measurements were made of the laser output on a

white screen at 2.5 m beyond the output mirror. The laser cavity

was plane-plane and produced a well-collimated beam whose intens-

ity profile reflected the spatial distribution of discharge power

across the las er aperture. The film was calibrated for quantita-

tive intensity measurements by the use of known neutral density

filters.

tAMVC)LVEREIT
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4 ~ ~ ~ f x', *d*

1~ ~~ We -orl

.... ,:tr

*~~ 1' .#r 1 almost Corn-

"The pulse dura-

.haiqe to develop.

(t rn 1 'n of the ischarqe)'

Tis r.: it rp-r ' .nno of accurate deposi-

i-nmd mndln (Sotin 101 i'. v pecisely what is re-

qrd to achieve an or ",i A •niformity in the 2 J

dies gn. We note that . :1 iarq, self-fields are 1 100 G,

and that we are designi- r. 4 KK quido field, so that the

-beam deposition is not ,!-c, hy self-fields in that case.

k. Modeling of An> _- ",thode Variation in Lasing

The laser output spnurlo profiles (Section II-A-3-j) show a

pronounced intensity variation Letween anode and cathode. The

cause of this is the nonuniformity of e-beam deposition, which

:AVCO EVERETT
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Figure 44. measured spatial Distribution of Laser Output with
PO0 G magnetic Guide Field
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l ad s to an in Iti i l lx i ,, I ,..-'

ien(-P to moro " t 1' lfn .I " . -" "

to: (1) iqher F N (-, i'I 1 . r- - X ,

(2) hiqher initial ai -' .a .

aCid 1 t ion, t h , 11 : ,l , . . -*

[.; N :)r,-dU::; , ': r :( r', ." :" . , "

1 (. . " , io n

A A n, ". , " . p i] ' " t >* , " "' ^

T[ A I I'

I,'V .15] ,'1 tf th, r it %1'0 I I zit I I f .a..

i . r+' l n i: + r. rl' .l :f [,u,~ t Ir ! l: t; , . ~ , I : :(W . [

i i.' i r, . 7, f(Jl t I I.). T ;' . i t : y i.:. '-A, lio t t, t Ia t qoo 1 o e I -

al i q- rei l t r2 mon t l ed 111 V.5K .ifl.(1-r)t ',,,, - 0 erIfL V ,,it' a l tl .. ,

r t fro , the ,(1qf, r-, ion ! nar th , ltct rodIe whici sut it opt I-

ci Ilosse in te rxperiment, but n ot in t r 'i:T lat on. ' t

15) n 2 it ls strikinI t o not that t.- var i tion iS; much irf-ater,

and t. hi ; i , tracea l, to ti, u :t,1t Ial Ly taster laser buildup in

t h. recnien of low de(pos;ition.

We conc l do that the reasons for the observed anode-cathoda -'.e

laser variation are well understood and that the code will predict

(34
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this variation accurately for different e-beam deposition uniform-

ities. In the proposed 2 J design the deposition uniformity is

0.8 and the presence of injected light eliminates the buildup dif-

ferences, so that an energy uniformity of better than 0.95 is pre-

dicted in the anode-cathode direction.

The laser electrical efficiency was discussed in Section

II-A-3-d, but modeling of the efficiency has been delayed to the

present section to include correctly the anode-cathode variation.

As seen in Figure 47 the electrical efficiency is predicted to be

1.95%, after allowance has been made for an energy transfer factor

of 0.95 from the PFN to the discharge. In order to obtain this

agreement with experiment, the formation efficiency (Section

II-A-2-g) had to be modified to 6.1%, slightly higher than the

5.3% used in the cross section derivation, and higher again than

the 4.3% derived from the absolute fluorescence measurement. How-

ever, the errors in the absolute fluorescence measurement are con-

sidered to be + 30%, whereas the measurement of laser electrical

efficiency is accurate to better than + 10%. For design purposes

we employ the 6.1% formation efficiency, which gives best agree-

ment with the observed laser efficiency (both intrinsic and

electrical).

, 1
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III. PRELIMINARY DESIGN OF 2 J, 100 Hz HgBr LASER

A. DESIGN REQUIREMENTS

The preliminary design presented in the following sections

meets all the specifications outlined in Table 3. While the life-

time specificaion is 108 shots, design solutions have always

been chosen which are compatible with an ultimate 10 shot

lifetime.

A number of the subsystems have already been tested to a

7 810 -10 shot lifetime under other AERL programs or in other

laboratories.

The discharge parameters chosen for 2 J operation have al-

ready been explored on the 1 m device experiments (Section II-A-3).-.

in which energy scaling to 9.8 J at 1.9% electrical efficiency was

demonstrated. The laser kinetic model (Section II-A) has been

verified to a precision of + 10% over a wide range of discharge

conditions, and therefore the overall efficiency prediction of

1.19% (Section III-K-I) can be stated with confidence.

It is to be noted that the pesent 200 W system is only one

choice out of a wide spectrum of point designs which can be gener-

ated from the generic sustainer discharge concept demonstrated

here. For instance, a 10 J, 100 Hz system could have been de-

signed at similar operating efficiency using identical technology.

B. OVERVIEW OF DESIGN

The design considerations were dominated by the available

intrinsic efficiency and specific energy loading in the laser ac-

tive medium. The intrinsic efficiency can experimentally be as

high as 3.3% (Section II-A-3-c) with argon as the buffer gas.

From the comparison of energy loading in different buffer gases

(Section II-A-2-e) it emerged that argon was decisively superior

as a huffer when compared to Ne, Ar + 5% Xe, Ne + 10% Xe, giving

98 E T
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TABLE 3. DESIGN SPECIFICATIONS d
iN

p

Output Pulse Energy 2 J

Average PRF 100 Hz

Interpulse Recovery Time < 5 ms

System Efficiency > 1%

Beam Divergence (at 80% point) 10 x DL

Beam Uniformity + (%) 20

N. Bandwidth 0.1 nm

Lifetime (> 90% power) 108 shots

Wavelength 450 - 510 nm

Wavelength Stability + 0.01 nm

Pulse-to-Pulse Intensity Jitter < (+ 10%)

.,
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an energy loading of up to 60 J/Z Amag. Because it was desirable

to work at high discharge enhancement ratio (= discharge power/

e-beam power), the discharge design point chosen in Section III-C

was not at the highest energy loading point, but was set at 33 J/

Amag where an e-beam current density as low as 0.6 A/cm 2 could

be used (Section II-A-3-f).

The geometry of the laser active medium was chosen after

several design iterations in which the overall system efficiency

and the optical beam uniformity were calculated. The penetration

depth allowed for the e-beam was a compromise between the need for

a good deposition uniformity (Section II-A-3-f) and the competing

requirement for a high aspect ratio to minimize the flow power.

Essential to the deposition uniformity was uniform, reasonably

high magnetic field.

The flow loop design (Section III-E) was driven by the opti-

cal homogeneity requirements. It was found that 10 x DL could be

achieved easily with a very compact flow loop. A detailed plan of

this is presented in Figure 57. The principal features of the

flow design are sidewall acoustic wave suppression, an upstream

velocity stabilizer, and a downstream heat exchanger. Additional

medium uniformity was achieved by boundary layer suction upstream

of the anode plate.

An unstable optical resonator was chosen (Section II-F)

because it offered the required overall beam quality (further dis-

cussed in Section III-K). Spectral control was obtained by injec-

tion at the required frequency. Injection also raised the optical

extraction efficiency by 11%. The injection oscillator itself had

only a modest drive power of 240 W (electrical) and was specified

as an avalanche discharge laser of simple and rugged design. De-

tailed consideration was given to the mode matching between the

injection oscillator and the unstable resonator.

100
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The e-beam design (Section III-G) was based on a thermionic

emitter, which could either be grid-controlled at high voltage

(300 kV) or pulsed for the laser duration of 250 ns by a high-

voltage pulse transformer. The most important aspect of the de-

.W sign was its resemblance to long-life high-vacuum modulator tubes,

which have been adequately proven in other space applications.
A dc magnetic field coil was included in the design in order

to increase the laser efficiency and beam uniformity. It acted

principally by controlling the discharge shape (as discussed in

Section II-A-3-h) and through this it increased the optical beam

* interception of the discharge power to 92% (Section III-c) and de-

* creased the flush factor to 1.75 (minimum) or 3.5 (average) (Sec-

tion III-E). For highest efficiency a superconducting magnet was

specified, and in Section III-H its design is discussed in some

detail. Advantage was taken of the recent development of effi-

cient refrigerators for space usage.

Discharge modulator design is discussed in Section III-I,

S where the Blumlein and Simple Changed Line circuits are con-

trasted. It is concluded that the line circuit will better favor

long thyratron lifetime. A lumped element PFN was designed which

gave the rapid risetime and falltime required for high laser elec-

trical efficiency.

The question of gas chemistry and cleanup is covered in Sec-

tion III-J. The major problems are identified and the design al-

* lows for continuous gas cleanup and monitoring, with a limited

makeup of fresh HgBr 2"
Overall system performance is discussed in Section III-K,

where an overall laser efficiency of 1.19% is demonstrated.

C. LASER ACTIVE MEDIUM DESIGN

1. Geometrical Trade-off

In this subsection we present qualitatively the trade-offs

• which lead to the chosen design point for active medium geometry.

The flow power decreases with increasing laser specific

energy (J/j) but higher specific energy requires increased e-beam
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(Section II-A-3-f). Taking into account the aspect ratio trade-off

(below) an optimum specific energy of 1.5 J/ was chosen.

The aspect ratio is H/W where H is the discharqe anode to

cathode dimension and W is the discharge width in the flow direc-

tion. The flow power is minimized for high aspect ratio, since
3 '

the flow power scales as (Wf) , where f is the "flush factor".

However, the e-beam deposition uniformity must equal 0.8 for the

design energy loading, and good uniformity is more easy to achieve

with a low aspect ratio.

The physical value of H is determined by the e-beam maximum

voltage constraint and the computed deposition uniformity (Section

III-C-3). The e-beam voltage should be high relative to the foil

voltage loss. It should also be high in order to minimize the

e-beam current and thereby the cathode heater requirements within

the total ionization power requirement. We have adopted a 300 kV

practical e-beam voltage maximum, and thereby set H at 6 cm, in

order to have good deposition uniformity.

In order to reduce the flow power we have set W = 4 cm. At

1.5 J/ and 2.25 J potential laser output (actual output discussed

below), the active volume must he 1.5 z, implying a length LA of

62.5 cm.

The dimensions of the design point laser active medium are:

H = 6 cm, W = 4 cm, LA = 62.5 cm.

2. Laser Efficiency

The code prediction of laser efficiency has been accurately

verified in Section II-A-3-k, where it compares well with experi-

ment. The same code has been run for the design point discharge

in order to predict electrical efficiency and optimum output cou-

pling. A constant 30 kV has been applied to the discharge repre-
-16 2

senting an operating F/N = 0.9 x 10 Vcm 2 . The deposition

uniformity is designed to he 0.8, as discussed in more detail be-

low. For our 1.5 discharge volume, lasing with a specific

energy of 1.5 ;, we require a discharge total energy of 100 J.
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Through the dependence of discharge energy on e-beam current den-

sity (Section II-A-3-f), we are required to have J EB 2 0.6 A/cm 2

for the requisite energy loading (at 2 Ainagat) . This considera-
2tion leads to the choice of J E 0.6 A/cm within the dis-

charge. In order to deliver 100 J in 250 ns into the chosen

discharge geometry, the impedance must be tuned by varying the

concentration of HgBr 2 down to 0.32%.

The laser electrical efficiency for these conditions is

plotted in Figure 48 as a function of output mirror reflectivity

(for a plane-plane cavity). Also shown is the laser energy, nu-

merically equal to the efficiency for the 100 J discharge input.

In this calculation a factor of 0.95 has already been inserted, as

an estimate of the coupling efficiency from PFN energy to dscharge

energy. This factor is justified by the experiments we have per-

formed, and has indeed been included in the efficiency modeling of

. Section II-A-3-k.

The computed electrical efficiency of Figure 48 includes an

injected power level of 10 kW/cm 2 at the beginning of the pulse,

which raises the electrical efficiency by 13%, as discussed in

Section 11-F. This accounts for the increase over the 2.0% ob-

served electrical efficiencies (Section II-A-3-d). The computed

impedance variation is shown in Figure 49.

It is to be noted that 1 m device experimental data exists

for the conditions: J =0.9 A/cm2 ; [HgBr2 ] = 0.4%; E/N =
-1 2 EB2

" 0.9 x 10- 16 Vcm 2 and deposition uniformity 0.8 (anode-cathode

spacing 4.5 cm). In this experiment an electrical efficiency of
%J
%1.95% was recorded at a specific energy of 1.6 J/Z without injec-

tion. This is close to the design point and verifies the effi-

ciency predictions in that region.

The modeling described above assumes that the discharge pro-

file is a perfect "top hat" in the direction perpendicular to the

anode-cathode axis. In practice there is a narrow roll-off region

103

AVCO EVERETT

'U.-,-,U



.5-

2.5

LASER PULSE ENERGY(J) FOR 10J STORAGE
2.4 -

z
WJ 2.3-

w 2.2-

0100
, 2.1-

W 2.0-

w

1.9 -

1.8 I I I I I I " '
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

J9186 OUTPUT MIRROR REFLECTIVITY

Figure 48. Design Point Energy and Electrical Efficiency
vs Output Coupling

.:.

104

AVCO EV F R E T T

.. i;., .



h~ -a

a 04

LLJ

a..

°-

,°-

W-

0 50 100 150 200 250

J918 TIME (ns)

• .4

Figure 49. Computed Impedance Evolution for Design
Point Discharge

..

"4

105

AVCO EVERETT

'. -. ..-,, . ....... . .-.. -. .. . . j... . . . ,. ,, . , , . , , • .,: .,,



which lies outside the optical resonator volume, leading to small

losses. This loss factor is calculated accurately in the follow-

ing section, in which the anode-cathode deposition uniformity is

also derived.

3. E-Beam Deposition Profiles

Using the code which has been experimentally verified (Sec-

tion II-A-3-i) deposition hs been calculated for the 4 kG design

point magnetic guide field. The transverse isodeposition contours

are shown in Figure 50. The cathode plane lies at 1 cm and the 'V

anode lies at 7 cm. (The cathode screen transmission is unity in

this simulation, but is accounted for correctly in the total

e-beam energy budget). The anode is given an electron reflection

coefficient of 0.3, corresponding to its high Z composition. The

primary electron voltage is 300 kV and the simulation includes the

scattering and energy losses due to a 1/2 mil Ti foil at 0 cm.

The argon density is 2 Amag. Each contour represents 5% of the

peak deposition.

Deposition profiles derived from Figure 50 but transverse to

the anode-cathode axis are shown in Figure 51. These profiles de-

termine the discharqe power profile to a very large extent. Be-

cause of two-step discharge ionization, the central 4 cm of the

discharge is enhanced by - 50% relative to the wings. With allow-

ance for this we may use Figure 51 to show that the 4 x 6 cm opti-

cal aperture will intercept the discharge transverse power

distribution with 92% efficiency.

4. Anode-to-Cathode Uniformity

Use of the segmented laser model (Section II-A-3-k) allows

us to predict the anode-to-cathode variation of laser output

power, again assuming plane-plane optics for the purpose of dis-

cussion. With an injected laser power of 10 kW/cm 2 (the result

is very insensitive to the precise level of injection) we compute

that lasinq near the cathode will he at 0.96 of the intensity near

the anode, for a deposition uniformity of 0.8.
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The overall spatial uniformity of the laser output will be

discussed in Section III-K. At present we note that from consid-

eration of the discharge power distribution alone, the intensity

is very nearly uniform from anode to cathode, but has a profile in

the transverse direction given on average by the "4 cm" curve of

Figure 51. Apart from a slight "roll-off" in the edge 0.1 cm, the

intensity uniformity meets the + 20% V specification, insofar as

it is controlled by the discharge power distribution. It is men- 'p

tioned above that only 8% of the discharge power is not accessed

by the 4 x 6 cm optical aperture. This factor reduces the elec-

trical efficiency to 2.08%, giving an actual design output of

2.08 J.
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D. LASER CAVITY DESIGN

In this section we describe the details of the laser cavity

design together with the various requirements that led to this de-

sign. The major components of the cavity include (1) the dis-

charge electrodes, (2) current, and (3) high-voltage feedthroughs.

1. Discharge Electrodes

It has been shown in experiments performed on the 1 m device

(see Section II-A-3-j) that if the electric field produced by the 7'

discharge electrodes is kept uniform (+ 5%) in the region of the

e-beam, then the discharge energy deposition is determined solely

by the e-beam. In the present electrode configuration the elec-

trodes are designed to provide uniform electric fields in the cen-

tral 4 cm e-beam region. The edges of the electrodes where field

enhancement (30% higher than the field at the center) occurs, are

brought out to regions where the computed e-beam deposition is

< 5% of that on the e-beam midplane. A half-cross-section view,

in the plane perpendicular to the optical axis, of the electrodes

is shown in Figure 52. Also shown are computed vacuum electric

field values on the electrode surfaces.

It has also been shown in the 1 m device experiments (see

Section II-A-3-i) that the preferred discharge polarity is to have

discharge current flow co-linear with the e-beam, that is, to have

the cathode closest to the e-gun. In this configuration the dis-

charge electric field is in the direction to accelerate the e-beam

electrons. This partially counteracts e-beam stopping by the gas

and improves e-beam deposition uniformity.

The cathode must be partially transmitting to the e-beam.

It must also be partially transparent to the flow in order that

the gas in the region between the foil and cathode is flushed to

remove the e-beam heated gas. To prevent the discharge from

reaching the foil and to avoid damage from localized pressure

waves generated in the event of a constricted dishcarqe arc, the

foil must he separated from the cathode by a gap. On the I m de-

vice a ,spac-ing of 1 cm was found to hvo ;ijffic-.ient for this. There 
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the foil routinely survived arcs (generated with the capacitor

discharge circuit) with greater than 10 kJ stored energy dissi-

pated in the arc. In the present design the discharge energy is

limited by the PFN to 100 J, so the conditions are much less se-

vere. In addition, arcing is only expected to occur if there is a

fault in the e-beam. In our discharge circuit design we will in-

corporate a discharge inhibit circuit which will prevent discharge

voltage from being applied when an e-gun fault is detected. How- . -

ever, a spacing of 1 cm is chosen here for safety.

The cathode is heated by the e-beam and by the discharge.

Active cooling is required to cool the cathode to keep its average .

temperature to within 0.5 0 C of the core flow so that the temper-

ature disturbance in the active medium is minimized (see Section . -

IIl-F).

The cathode design chosen consists of parallel 1 mm outside - -

diameter tubes oriented in the flow direction, spaced 1/3 cm apart .5
,%

in the optical axis direction. The geometrical transmission of

the e-beam through this structure is therefore 67%.

Since the cathode is made up of parallel tubes rather than a

smooth surface, the field produced will be nonuniform close to the

cathode surface. The field produced by such an arrangement can be
calculated. In Figure 53 we show an equipotential plot in

the vicinity of the cathode. For the present design the electric

field nonuniformity is calculated to be < 2%, 2 mm away from the

cathode surface. Similar nonuniformities existed in the 1 m ex-

periments (see Section II-A-3-i) and were found not to affect dis-

charge stability.

The side of the cathode facing the e-gun will be heated by ,.

the e-beam. Assuming all of the intercepted e-beam power is de-

posited in the surface of the tubes, the heating power per cm2

5 JbVe where .1o is the beam current density through the . ,

21. "Vaciuum Tubehs," Karl R. Sprangenberg, McGraw-Hill, 1948.
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foil. and V eis thb -eam voltage. For the present design the eb 2
average power loading on the cathode by the e-beam is t 6 W/cm

on the surface of the cathode tubes. On the side facing the

anode, the cathode will be heated by the discharqe. The power dE-

posited by the discharge is a small fraction of JdVsh, where

Jd is the discharge current density on the cathode tube surface

and Vsh is the cathode sheath voltage drop. In the present de-

sign Jd ; 120 A/cm 2 and Vsh is estimated to he ; 300 V. (22)

The average power deposited on the cathode tubes by the cathode
2fall is then a fraction of 1 W/cm Active cooling is provided

by coolant flow in the cathode tubes to maintain their temperature

to within 0.5°C. The instantaneous surface temperature rise im-

mediately after the e-heam pulse can be calculated using the time-

dependent heat diffusion equation. For platinum this temperature
0o

rise is estimated to be ; 70 C. The corresponding temperature

rise on the discharge side is negligible. The instantaneous sur-

face temperature rise will decay by conduction into the tubes in

Ms time scale and will not present a problem.

The cathode surface will be bombarded by energetic ions dur-

ing the discharge and some sputtering will occur. For refractory

metals the sputtering rate is typically 10 Mg/coulomb. (23) For
8 2this application in 10 pulses at 120 A/cm and 250 ns pulses,2/ 2

the orosion is estimated to be 3.0 x 102 g/cm2 of cathode

surface or about 0.6 mil loss. The tube used will have a wall

thickness of at least 6 mils so sputtering will not be a problem
10

for cathode integrity. Clearly, for 10 pulse lifetime the

prohlpm i.s more severe. The solution wll be to make the solid

electrode the cathode. In this case the e-beam voltaqe will have

o b risfed about 60 kV to achieve the same e-beam deposition
tinlformity!...

PP. "Ba:; i - Data of Plasma Ph,!sics," Sanhorn C. Brown, the M.I.T.

''(","lit( , iamf-; I). c,) i-n,, Dover PUb. Inc. 1958.
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Any sputtered metal wll be carried by the flow and be depos-

ited on the heat exchanger surfaces. On the average the gas flow

will hit about z 10 such surfaces on each trip around the loop.

The amount of sputtered metal that may be coated out on the opti-

cal windows can be estimated as follows. The total amount of
8

metal sputtered in 10 pulses is given by

M I T" 10 x 10 g/coulomb (2)

where I is the discharge current and is the discharge pulse

length. In this case I = 104, and r 250 ns, therefore
p

M = 2.5 g. The total surface area of the flow loop is A = 2.7 x

10 5 cm 2 . Since the gas sees z 10 surfaces each time around

. the flow loop, the coating thickness T on the windows is then

given by

M 1 -10 PT = e (3)A P

,-i

where P = 21 g/cm 3 is the density of platinum, and P is the sur-

face sticking probability. Taking a sticking probability of 0.3

(a conservative estimate) we get a coating thickness of 2.2

The effect of such a thin coating on window transmission is negli-

gible. For i01 0 shot lifetime, a well-filtered boundary layer

shield flow at the windows may be necessary.

2. Current Returns

In order to maximize the laser electrical efficiency, the

risetime of the discharge circuit must be kept small, compared to
the pulsewidth. As we indicate elsewhere, we can allocate 30 nH

to the cavity and its connectors. This puts a constraint on the

allowable inductance in the laser cavity. To minimize inductance

the current returns for the discharge must be placed close to the

discharge channel. This necessitates bringing the current return

through the flow via a set of bars. As in the 1 m experiments, in
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this design the anode is pulsed to high voltage while the cathode

is held at ground potential. The current returns are then also at

ground potential. In order to prevent arcing between the anode

and the current returns a minimum spacing is required. For the

mixtures used in this laser the maximum holdoff field has been

measured in both the cable gun and meter device experiments and

was found to be > 12 kV/cm. The maximum desioned discharge volt-

age on the anode is 32 kV. To allow for local field enhancement

around the current return bars and to allow a safety margin, the

minimum spacing between the current returns and anode is chosen to

be 5 cm.

Symmetric current returns are placed up and down stream from
the discharge channel (see Figure 54). If the spacing of the cur-

rent return bars is kept small compared with their distance to the

discharge channel, then the return current can be approximated by

a continuous current sheet for inductance calculations. In this

case, with symmetric current returns, the circuit inductance is

given by

4o AL < 4 T 4
4

where A is the area enclosed by the current returns and Z is the

lenqth of the discharge region in the optical direction. For the
2present design A = 300 cm and = 62.5 cm. The inductance is - 0

calculated to he 15 nfl. To keep the current return bar spacing

small compared with their distance to the discharge channel,

15 3/16 in diameter current return bars spaced 4 cm apart are used

per side in this design--.

In or-ier to minimize disturbance to the flow the current re-

fiurn hars. are placed inside alumina tuhes with the outside shaped

I ik, ai rfoi i . The, prssure drop then is n qligible.

i'i
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3. High Voltage Feedthroughs

The high-voltage feedthroughs support and provide connec-

tions from the discharge modulator to the anode. Five parallel

feedthroughs are used along the anode to minimize inductance.

These are similar in design to those used in the 1 m device. Five A

centimeter long alumina sections are useui for voltage standoff.

In the laser mixture surface hrr-akdown in ceramic was found not to

be a problem, so the 5 cm insulator length allowed should standoff >.. .q

>60 kV, which is a factor of two greater than the maximum dis-

charge voltage used. Therefore, breakdowns in the region at the .

back of the anode should not he a problem.

The feedthroughs will be operating at cavity temperature.

The output cables from the discharge modulator will not be capable

of withstanding this temperature so that connectors will be re-

quired to take up the temperature drop. To avoid inductance prob-

lems the connectors can be made to be like coaxial transmission

lines, all the way up to the feedthroughs (see Figure 54). The

impedance of the connectors can be matched to that of the modula-
tor output cables. The connectors then add negligible inductance

to the circuit. Since the discharge impedance is 3 S, with 5

feedthroughs, the ccnnectors should be made like 15 Q coaxial

lines. This can easily be accomplished with metalized alumina

tubes.

The total inductance of the discharge cavity including all

the connectors will therefore be < 30 nH. This value is used in

our discharge molulator design (see Section III-I).
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E. FLOW-LOOP DESIGN

The laser device is specified such that 80% of the energy at

the output aperture is confined in a beam of total angle which is

ten times that of the first Airy disc. The associated constraints

bn phase front errors at the output aperture are assessed here.

This allowed phase front error is related to laser medium homogen-

eity requirements, and this in turn is used to determine acoustic

wave suppression and thermal homogeneity requirements in the gas.

Acoustic attenuator design features are also developed. Thermal

homogeneity requirements are coupled to flow-loop design in the

*following section.

1. Phase Distortion

To estimate the allowable phase errors for a system far from

the diffraction limit a sinusoidal phase error was assumed, for

which the equations for maximum spot size are easily developed.

Phase variation across a circular aperture is considered in

-the form,

4, = A [1 - cos (2xNr/D)] (5)

where r is radial position across the aperture.

D is the aperature diameter

N is the number of periods across a diameter

2A is the peak-to-peak phase variation.

If this is used to simulate separate eddies with a normalized

scale length

L 1/2 N (6)

then

4' = A [ Cos )r (7)

AVCO EVERETT
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For large wavefront errors diffraction is ignored and only the

maximum wavefront slope is considered

. irA (8)
LD

The condition that this be equal to 10 times the diffraction nalf-

angle for a perfect lens, yields

rA _ (10) 1.22 X
LD D

1 2 . 2 X L 2 A ( 9 ) -, ' -A - 1 X (0.78) (XDL) L (9)

- .

where (XDL) is the ratio of far field spot diameter to Airy disc

diameter. Thus the allowable peak-to-peak error (2A) depends lin-

early on L and for example if L = 0.1 and XDL = 1 times diffrac-

tion limit,

2A/X = 0.78 waves (10)

2. Flow System Design Criteria
0The laser gas, which is initially at temperature 490 K and <

a density of two amagats, undergoes an electrical energy deposi-

tion of 61.5 J/ tor a period of 250 ns to produce a laser energy

density of 1.5 J/:. The gas is predominantly argon, hence the

t-mperature rise during this event at a constant volume is T2 -

02T = 62.4 C. Subsequent expansion of heated cavity gas is -.

accurately represented as isentropic, thus final pressure relaxa-

tion to ambient reduces temperature in the ratio T f/T 2  0.953

(temperatures in K). The final excess gas temperatures is then A
(T t  - :) 36.4 C after relaxation of a pressure pulse of

,tr#.n~th (p, - p)/p = 0.128. The internal energy decrease
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during relaxation appears as compressive work done on the re-

mainder of the gas in the flow-loop. This compression work, which

is the difference between net deposited energy and remaining in-

ternal energy after relaxation, .'iW =29.4 J/;,, is distributed

partly as energy dissipation in acoustic wave attenuators and

partly as recompression work on a not gas slug as it cools in

passage through a heat exchanger. Tfre above energy considerations

* combine with cavity aimensions and pulse rate for the basis of

loop thermal conditioning described below. The pulse overpressure

combines .4ith cavity dimensions and medium homogeneity requirments

for the basis or acoustic attenuator design described below.

Beam quality is sufficient to meet targeting requirements if

the PTP phase front variation is 0.78 waves for ordered disturb-

ances on a periodic scale of 1.6 cm according to Eq. (10). If

* this distortion combines equal contributions from optics and from

cavity gas, this relates to cavity homogeneity through

0Z kP/()=0.55 waves (1
2m 7r

where .is distance between cavity windows 70 cm; X 0.5 gm;
-40/0 r 2 a magats; ~3 2.8 x 10 .Tnus,

3.4 x 10- (12)

it tnis ordered gas distortion i_- budgeted equally between unco -

rlaten thermal ana pressure wave distortions, the medium homoge-

neity requirement for each is

P2.43 x 10- (13)
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Sitiiw ti t rt', (i I1 st.r t- i 1sid in d i? Iv i r q. (13) has an

as.soclated s;ca to ol 1.0 CM, trilo maximum g raient in density is

I i iite(I to

-- x 10 cm (14)
p

Inis Lorm is most usetuL in assessiny al loweol boundary layer,

ordereo, thermal distortions. In ordered periodic distortions of

arbitrary period N, beam quality constraints limit the product of
-l

tne LHS of Eq. (13) and A to a constant value

S< 1.61 x 104 cm

I
This form is useful in assossing allowed, crdered, thermal ann

pressure distrubances in tne hulk flow. It thermal disturoances -

of scale A are randomly distributed in space, beam quality con-

straints confine the product of the LHS DEI. (15) and './2 to a

constant value; thus

P \1/2 1.91 x 10 c -1/2 (16)

'lti I; I (rib I; us;fl I- LT) S sslng allowed thfermal distur r>anc ,s

crirr ir-ld by riisordero(o turbulent flow.

'I'rif a(ctive cavity length in the flow direction is

4.0 en .. 0ve 1n[itrednt desITI 1ua5e. on a minimum intt-rpj.lse

intefrval fl: 5.0 and an associated flush factor of 1.75 to yield

,j t 1,W tocit' (it 4 ThI/.+,. The active cavity iengtn in tiie pump
{I ~ ~ 1 6 .+<: h, t I !l i ! ; r w f.,v ot t t(, I u~ I I l o w di m e~c n s:: i o n] i s :" ,

ii. 1 l:c .; 1ow 1,L't 11. 'li i't ivt cavity lngttI .

d lo)ti tti, i t i: 1: : 2 (:m, to)wv,- r el ct rode terminat ion

, II V<,t ,t lo d w O imelsion -

/ [j +' r,. 'i ;+ + : '+1 " .. .ii fJ Ii ' 1j , t+ f l : i c , + t o+ i , F - 1 . 7 5 '
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should be conservative. Voltage standoff measurements in the

presence of previously discharge heated gas suggest lower flush

factors are permissible (see Section II-A-2-p).

For reference, the performance parameters ana cavity geom-

etry described above are repeated in Table 4.

a. Muffler Performance Predictions

Pressure wave attenuation will be achieved by perforated

wall segments in the flow channel both upstream and downstream

from the laser cavity. This muffler configuration, when backed

with closed cells containing a dissipative material, has been

studied theoretically at AERL under IRAD support. Experimental

studies have also been conducted under DARPA support as part of

the XeF laser program. This modeling, which is the basis of the

present system design, is validated by these measurements. In the

case of small pulse overpressures appropriate to the present

application, a geometrical similarity parameter, L, allows a cor- "1°

relation of results for use as a design tool.m/
/ H Pi___

L H Y (17)

2, D c

where geometrical parameters are defined in Figure 55; C is the
D

discharge coefficient through orifices in the perforated plate;

Api/pc is the incident pressure wave strength and 7 is the

ratio of gas specific heats = 1.67. At the present system cavity
Mach number of 0.034 the zero Mach number solutions are appropri-

ate and results are presented in Figure 56. The ratio of exit to

inlet wave strength is shown for the design value of the ratio of

*incident wave to upstream muffler length, X/9 m = 1/5, and for

several values of the ratio of backing depth to flow channel

.. height, h/H, as a function of normalized muffler length. For the

l~ 123
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mABLE 4. LASER CAVITY OPERATING CONDITIONS

Cavity Temperature, T c  490

Molecular Weight, m 40 g/mole

Ratio of Specific Heats, - 5/3

Sound Speed, ac  412 /sec

Gas Density (2 Amagats), p c 5

Viscosity, Mc 3.4 x 10 kg/ms

Minimum Interpulse Spacing 5.0 ms

Cavity Flow Length, 4.0 cmf

Minimum Flush Factor, FFmin 1.75

Average Pulse Rate, PRF 100 pps

Average Flush Factor, FF 3.5

Cavity Flow Velocity, uc  14 i/sec

Reynolds Number (per meter), Re 1.47 x 106 m-I 1

Laser Energy Density, e 1.5 J/

Electrical Energy Deposited in the gas, ee 71.5 J/.

Pulse Overpressure, jp/p 0.128

Gas Temperature Rise After Pressre 36.40C

Relaxation

Laser Cavity Dimensions ,4 x 6 x 62.5 cm °p o

Flow Length Along Pump Direction,. 7.35 cm
p

Flow Length Along Optical Axis, 70 cm

Average Gas Temperature Rise 7.6 C

Acoustical Power Deposited in the 1.1 kW

Upstream Muffler

1241
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selected h/H = 2.0 a minimum in the ratio of transmitted to inci-

dent wave strength of 0.18 is observed for Z /L = 3.4. Since
m

the upstream muffler length is Z = 20 cm and incident wave
m

strength is approximately halt the cavity pulse overpressure, ..

- Api/pc = 0.064, Eq. (17) provides the specification of effec-

tive upstream muffler transparency aCD= 0.086. The upstream

transmitted wave passes through a converging nozzle and is re-

* flected from a plate/film velocity stabilizer of 40% geometrical

blockage. This reflected wave, which is of strength - 0.20 that

of the incident wave, returns through the muffler and is attenu-

sated by another factor of 0.50 according to the modeling basis for

Figure 56. Thus, the upstream pressure wave would show a peak" " -4-
overpressure of 1.15 x 10 upon reentry to the cavity. This

* return pressure pulse is distributed over a length of order Z /2
m

= 0 cm, consequently, the product

A,\-i - I A - 6.9 x 0 -  cm- (18)

c' P c

is well within the medium homogeneity requirements of Eq. (15). A

similar analysis of the downstream muffler shows that single-pulse

pressure disturbances are suitably attenuated for purposes of

medium homogeneity for this compact muffler geometry. Other con-

siderations in selection of muffler geometrical features include

growth of upstream boundary layers and incorporation of a diffuser

in the downstream muffler as well as overall system component

* .i arrangements. These considerations are discussed below.

-.. (2.

4-.
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(AT/T)pTP K 1.61 x 10- A (cm)
(20)

(AT) < 0.079°C A (cm)

PTP-

Disordered thermal disturbances of scale A are limited by Eq. (16)

as,

AT < 0.94 0 C A1 /2(cm) (21)

5. Boundary Layer Thermal Control Requirements

Between the velocity stabilizer and the cavity, differences

between gas and wall temperatures will produce ordered average

temperature variations in wall boundary layers superimposed on a

disordered turbulent temperature field. Here, ordered and dis-

ordered boundary layer temperature variations are examined inde-

pendently with constraints imposed by Eqs. (19) and (21), respec-

tively. After flow contraction through a nozzle or area ratio

2.5 the flow channel boundary layers may be assumed to originate

at the entry to the upstream muffler (See Figure 57). Turbulent

boundary layer growth along a smooth wall is given by Schlichting(24)

as

t5(x) 0.37 x R (22)-/(2
eSx

'%,.

where 6 is boundary displacement thickness, x is distance from the
origin and R is Reynolds number based on X. At the upstream edge

ex
of the cavity electrode, x = 22 cm, thus 6 = 0.64 cm. This value

is appropriate for the solid wall, however, for the perforated

wall a thickness of twice this value is assumed, b = 1.29 cm. "
p .

24. Schlichting, H., Boundary Layer Theory, Perqamon Press,
London, 1955.
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The vrlocity variation through the boundary layer is given by

Schiicht ing as,

u/u (y/)1/7 (23)
C°

where v is distance normal to the wall. Reynold's analogy between

velocity and temperature variations in the boundary layer provides

the approximation -'

T(y) T u - u (y)
Tc_ - (24)

T T u
w C c

where T is the uniform wall temperature. Temperature gradient
w

is related to (y/6) through Eqs. (23) and (24) as

d T - T T - T

d T w c du w c (-
dy u dy = -/'7c 7 6 (y/ 6/

Uj'iation (25) when constrained by Eq. (19), indicates that a por-

ion of the boundary layer near the wall will not contribute to

useful laser energy extraction and this portion grows with in-

r r asinq ('w  - Tc). Eqiations (19) and (25) combine to give
w C

thf, xtent of unuseabir' boundary layer flow as

/ ~ 7/6£,TT
c.75 (26)

V.1iration (26) is pir)tt d in Fi gore 59 for boundary layer thickness

,it ,,r'r .cavity entry. Thej ,o] idl flow channel wall may be held to
0

within C.r C of the cavity ga:; trmprrature without difficulty,

tI his n,i (:at ing -i lost part ion in us abIlf channel flow of 0.25 cm.

132A
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(~W~v~ ic cu-jha r' -a1iid w i I I -,t anrd aoft hv 1 0 cm f. r om 1 i

f 1 or rf-asons, i ic~;~ i i the nex t se-ct ion. Thus, even tb i a

(5 i~f nn i o t no :7oceie Th (, pe r fo)r ate(d wall must be he I i
0

w ithi n 0. C' not the- cavity a; tempe)~triture if we wish to

l imit the reje-cted port ion of the houndary layer to 0.25 cm. This

!iay tfe ach.,ieved only if acti, co Ve Oi nq is provided in the back inq

vol ume o f the ups:troam mf fle , where as much as 1100 W of acous-

t ica I ,-nrav may he decpos 1ted

Furthermore, bounrdary layer suction is proposed immeciiatelv

an vremfrom the- d i:-cruarqg anode to further reduce this orderedi

>')lflIj ! ayer temperature oradient. A portion 0.25 cm in heicht-

,ill be, re-moveci by the sltconduit showr in '-igure 60. T his r-

1 f0JV 20', of t ho boundary? layer thicknea:- will essential ly re-

~ r tar bulent bLiada ry layer, although disordered turbu lercc

t~ crrent, boundairy layer will survive. This disordered

cc a"reml-,. carry tempfrature variation as large as (T

0. 0 () n a: a cale order cof the remaining boundary layer

-M . . 1I,(?u at ion (21) shows that this flow region

if r( avt edium homnogeneity requirements.

!i-a tment of FoiL and Discharqe Flectrodes

lo.rru:; heating contr ibutors andi loads to foil, d iscriarqe

~Ariw d in-cha rge anodep are Ii sted in Tabl Ie 5. The fo(-il wi I I

* ~ ei1.0 cm be hindl the di scha rqo cathode to prevent

!!r in thce event -)f arcing. The cathode will be confstrii.-t -

r)' of 'oI qn tub s - o th , ma in c h an nel as f L ow w il :j'

v 1 u ahetween foil and cathode. In this confiqura-t in r-

~>-~inc, of t. hcga is not an issue for cavity medium lioma-

so aten io ishere focused on the cathode.

~~o fi ae O .G mm, olt-!sire diameter are spaced at 3. 1

'de ends- are cuirved into coolant flow headers -i

1n '11 i~ounrc'ary la j- row along out-s lo:-,o

fe~~~ t ~ &jV IT) 9 IT 'Tb ~at n i 'Acmin ;o e tO
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'>Ie m n t Soijrce Heating Loaci
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< areCathode: F-Beam., 2.73 W/crrL, 683 ~

Discharge 0.5j W/cm2 125

Gas Convective Cooling 7

Tfota 1 5 '

rishajeAnode7-: F -Be am 1.10 W/'cni,2 = 27,

Discharge 0 .5 W/crn 2  = 125

Gas Convective Coolinq 47 W '

Total1 4 40
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central 4.0 cm of -,pani where e-beam and discharge are active. For

flat wall boundary layers Fq. (26) defines the unuseable portion

due to unacceptable medium homogeneity. For the present boundary

layer growth along a tube row, temperature varies periodically
along lines parallel to the optical axis, and the path averaged

difference between local and cavity temperature is approximately

half the maximum difference at each tube station. Therefore for

local allowed temperature gradients at tube stations the RHS of

Eq. (19) is replaced by 0.50 C cm and Eq. (26) is replaced by

T7/6Y w Tc
3.5 6 (27)

If the entire 1.3 mm of boundary layer flow is excluded from the

laser cavity the allowed average tube wall temperature excess is

obtained from Eq. (27) as,

I0
T - T 0.46 C (28)w c

This requirement has influence on design of the liquid side of the

cathode tubes.

The discharqe anode with upstream boundary layer suction is

shown in Figure 60. Tf a turbulent boundary layer is started at

the suction slit, its thickness at electrode center is, 6 =

.15 cm. If the entire renewed boundary layer is excluded from •

the laser cavity the allowed anode wall temperature excess is

-1iven by Eq. (2 6)

T- T =.20C (29)
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Temperature uniformity in the anode will he maintained by liquid

coolant channels spaced at intervals of 1.0 cm and arranged paral-

lel to the flow direction. Coolant will be conveyed by spreaders

at upstream and downstream ends of these channels, as shown in

Figure 60. If coolant channels are spaced at intervals, w, and

are of diameter, d, the wall temperature variation is quadratic

between channels with the form

2 2T(x) - T, (hx - x 2 ) (30)2kt

where q is anode heat flux = 1.79 W/cm k is anode thermal con-
0ductivity which for copper is 3.77 W/cm C; and x is distance

from a coolant tube. The maximum temperature difference is at

mid-span, x = h/2,

T- T (31)m 8k t

If channel spacing is 1.0 cm the temperature uniformity require-

ment Eq. (29) is satisfied by Eq. (31) for a coolant passage dia-

meter of 0.23 cm.

7. Heat Exchanger Pe.rformance Requirements

The heat exchanger shown in Fiqure 57 at the downstream en-'

of the flow channel serves the purpose of removal of deposited

electrical energy and flow dissipation energy from the gas stream. 0

The heat exchanger is potentially a major contributor to

flow-loop power requirements but this is somewhat alleviated by

increasing the flow entry area as for example in Figure 57. Heat

exchanger effectiveness is controlled primarily by the ratio of

flow length to a transverse characteristic dimension, hydraulic

diameter. Pressure drop, (p-pe) , hence flow power is con-

trolled primarily by this ratio times the flow speed to the third

power. Heat exchanger performance is correlated with the follow-

ing expression,

" VCO E WE38EVERETT



T.-T1i-e _ = 2 3 i TN.
- 4f -N n w (32)

1 2 d h  r T -T
2 U m e w

where p is gas density; urm is average gas speed at the minimum

neat exchanger flow cross section; Z is heat exchanger length in

the flow direction

4A
dh - A (33)

w

is the hydraulic diameter; Af is the minimum flow cross section;
A is heat exchanger surface area; P is Prandtl number =
w r

Cp /k. Heat exchanger effectiveness, S, is a measure of the de-
p

gree of equilibration of the gas to wall temperature, Tw I in

transit through the heat exchanger,

T. - T
S - w (34)

e w

The friction factor f is weakly dependent on Reynolds number in
turbulernt flow. The heat exchanger efficiency, in terms of effec-

tiveness per unit nower expenditure at fixed flow conditions, is
-%

proportional to N , which is also weakly dependent on Reynolds

number. 2This parameter N has a value of 2.0 in Reynolds analogy

between heat transfer and pressure drop for unseparated flow,

therefore this value is viewed here as ideal lower limit.

Flow power is qiven as

40

P = V(Pi - P )  (35)
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where V is the volumetric flow rate = u.A.;uI is HX entry

flow speed and A. is the entry flow cross section. It is con-

vonient to combine Eqs. (32) and (35) in the following arrangement,

A. %"

23 2 N NP2/3)P V A- -- n S (36) 4

where a is the ratio Af/Ai and A is flow cross section in

the laser cavity. The term (N/,) is primarily controlled by

heat exchanger geometry and to a weaker extent by Reynolds number,

and the term ( p2/3) is a property of the gas. In this form one
2 r

soes that a fixed flow rate, 9, cavity area A and fixed HX ef-
c

fectiveness, S, the flow power is proportional to the product of

riometrical features A. "-)2

A comparison of three types of heat exchangers was made on

the basis of this product: (1) fin/tube, (2) staggered, bare,
(25)

round tubes, and (3) aligned, flattened tubes. In the hot

chemical reactive environment of the HgBr2 laser, special atten-

tion must be given to soldering, brazing and degree of complexity V

of geometrical forms. Since these three types of heat exchangers

are fabricated with a minimum amount of soldering or brazing, and

since they are assembled from preformed flat and cylindrical

stock, they appear well suited to the present application. On th0

ht;is of effectiveness, S, the fin tube heat exchangers are pre-

frred, provided their fabrication features are compatible with

tho laser environment. If the fin tube class were not compatible

with the laser environment, flattened tubes, which are of much

<[mp1er construction, may be a reasonable alternative if accom-

rjsinied by increased inlet area. For present design consideration

25. Kays and London, Compact Heat Exchanaers, McGraw Hill, New
York, 1955.
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the fin tube unit 8.0-3/8 T[ 2 5] was selected with an inlet area

to cavity flow area ratio of 4.0. This area ratio was selected

after design by iteration of the entire flow loop, with considera-

tion given to the trade-off between large inlet area and achievable

uniformity of flow over this inlet. Consideration was also given

to device compactness and to the fraction of flow-loop pressure

drop attributed to diffuser and heat exchanger.

The electrically heated gas temperature, after pressure re-

- laxation, exceeds initial cavity temperature by 36.4°C (Table

4). If electrically heated and unheated gas slugs are specified

to exit the heat exchanger at Tc + 6 and Tc - 6 C re-

spectively, the the average wall temperature and HX effectiveness

can be simply calculated as, T= T - 9 C aod S = 3.0. The
coolant liquid temperature rise in a counter flow heat exchanger

is independently selected as 6 C to provide the HX temperature

maps of figure 61.

8. Flow Conditioning

U Flow-loop i~siqn is based on (1) efficient operation for low

powrer den.mod, 2 -,-:or-actness for ultimate space based application,

(3) compatibility with the hot reactive laser gas environment, and

(4) reliability of loop components and peripheral equipment for

*tonq lived, maintenance free operation. The loop design must, of

course, satisfy the -avity medim homogeneity requirements discus- .

,* sed previously. Design was carried out in an iterative fashion to

arrive at a halance between compactness and flow eficiency. Po-

tential sources of large head losses, such as the diverging flow

section downstream from the cavity and heat exchanger, received

special consideration to design detail to bring these losses into

balance. This section discusses the basis for design features

which are shown in Figure 57.

Cavity goometry and flow conditions of Table 4 provide a

flow rate and cavity dynamic head of
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Fielur. 61. Gas and iqeuid Av. r iq( Temperature vs Distance S
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V - G.7720 M /Sec

1 2 2
qc pu - 3 50 n//rn

OL it is useful at the out-set to e:-tirat-e the magnitude of flow-loop

power in rolation to overall device nower requirements. For t-hi,'

purpose consider a fan efficiency of TI=70;, an electric r o

efficiency of r m 8'- and a ml-ch, nical ransmiss ion (i e.

h-ear jog and seal off i(-i c-n cv ) ~ .I Then, for e-ach firvw-

*.pressfuro drop of nne c'avity --,'rafi~c Leiad, the fan electrio-il ;nwer

requiredi

P rl7 77111 - 7v

0 t the tot-al iva ilah;loe poc "t , one-half is given to t 20

I is cha r L-, If 1) r 0rr ~in 10 kW is given to all sct

of thef, n-w-locon, the ta 1 '')t 'rjs r rrop s houlId be s jt ly d,_-

S iqnr,,i to e en than th rfe cav it-v non lic !,eads. With care, i: (1d-

q-n q -)of -_!r it i ca I co Po n tn t -ompac f low-loop of Fiqiure

ro)ipa- te wi th t Ki" Jo n'i (ri' it providies- a fair haJ

hot-woen f low -t f. sacm

Th ~tv (jI it I cer . )r io t n t-he down!;trea.T- V

f~~~~~r~ -pns of~w paYvr ~- the pupS fpr~

* ~~~ rcvr V'-0t ,)7 i n and of providir,ui irmpr i,

fc(rnt- in I0 S tr i 1t [; 1 ;~ n t-ry o f a heat exchan(er .r

a ro 3 - r r'I r t I r), Th e F),. . T e f of r a t ed d i t -K I

i rnw~ -4. (1 1 i,,r - *' ) f t h* ;rii w

gin wr r i1 rir i (~
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The perforated wall divergence angle is 3.5 ° , which i :1.

stablished value for maintenance of attached flow in conventia

diffusers. The region of performance of this diffuser is .-,wn in
(26)

the performance map of Reneau, et al., which is presentei ""

here as Figure 62. The ratio of downstream muffler length M 0.[,

cavity length in the pump direction ' is 6.0. Boundary layr

suction at the upstream edge of the anode was discussed above as a

means of maximizing the utilization of the discharge region -)r

laser energy extraction. The renewed boundary layer growth

reaches a displacement thickness of 0.3 cm at the diffuser inlet,

to provide the ratio 6/Z 0.04. The two lines a-a in Figure
p

62 show that the boundary of the zone for flow attachment deporods

on this ratio and the design point is well within this zone.

Tests which formed the basis of Figure 62 showed little sensitiv-
3

itv to Reynolds number over a range of from 1.5 x 10 to 5 x
4

10 based on the length These results, therefore, appcar
P 5

valid for the present case where Re = 10

The area ratio of flow exit to inlet, for the perforatedi

wall segment is 1.37. Pressure recovery through this diffuser is
(')6)

obtained by interpolation of measurements by Reneau, et al., (26)
as

P2 -Pc "
Cp q c = 0.4 (39) '4.

where P2 is diffuser exit static pressure, and pc and qC are

cavity static and dynamic pressures. Tf one assumes the tot,,'

loss of surviving dynamic pressure at the diffuser exit, one ob-

tains a stagnation pressure loss

26. Reneau, 1. R., Johnston, 3.P. , Kl ine, S.J. , "Performine -  ind.
Design of Straight, Two-Dimensional Diffusers," Journ.
Rasic Enq., March, 1967. -
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Fiqure 62. Flow Regimes in Straight-Wall, Two-Dimensionafl"- Diffusers
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pc P pc - P
CO + 1 = 1 - C = 0.6 (40) "

q cq cP

This Inss may he compared with the potential loss of a full cavity

dynamic head in the absence of a diffuser. Furthermore the dif-

fuser provides improved uniformity of flow to the heat exchanger,

and thus enhances its flow efficiency. Entry flow uniformity is

,:lso the motive in inclusion of splitter plates, and in the tail- -

oring of entry fins, and in the inclusion of divergence in the

solid flow channel wall as shown in Figure 57.

The above basis for diffuser design and the predicted per-

C(rmance may appear conservative. However, this system has the .

ncOTmon features of (1) perforated diffuser wall, (2) periodic

.. 21re ran!-ients rerultino from cavity pressure relaxation, and

* ]arge and insymmetrical flow 2mpedance immediately down-

:,, ! m rfrum -h, ,i t :urr. I',r thrso roasons it is proposed that

i- r T I _l r .'r l ' r-,f J'. c to dletormine the flow per-

) *t AI i 2 'r* it xdr e

T- ' :., , v i ,i:rf, in i s d iscussed in de-

" - " 0 * details of flow entry

L * . .. ' T I r t y Y4 h - 'l( f o w -

""f . low into four

,*" . '; for ;-.
.", W ;"omenr
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The design entry area is four times the cavity flow cross

section, D = 4.0. The pressure drop through the heat ex-

changer is obtained from Eq. (32) using the characteristics of HX

type 8.0 - 3/8 Tt 2 5 ' and the selected effectiveness S = 3 in Eq.

(34).

g q. u 2

(41)

- P -2 _ 8.8 0 55

q 1 2  DHX 2qc P Um DH""
m HX

The length of the heat exchanger in the flow direction is obtained

from Eq. (32) as

= 24.6 dh 8.9 cm (42)

"2.

c. Transition Sections, Turns and Return Leg

Downstream from the heat exchanger the flow passes through a

transition section from rectangular to circular flow cross sec-

tion. The circular cross-sectional area is selected to be twice

the cavity flow cross section, D = 2. This choice is based again
'.'

on iterative design with selection based on a balance between loop

compactness and flow power. This transition is followed by a

vaned turn as shown in Figure 57. Vanes are inserted to control

fine scale mixing as discussed in Section III-E-8-b and also to

provide uniform flow to the driving fan. At the low operating
4Reynolds number of 4.4 x 109 basd r;n vane, -hord, flow separa-

tion is anticipated, hence v7n,- , 11 conlr ihute little to gain in

pressure recovery throucgh t h_ t rn. C-!! s i'gJf' 11V, the pressure
loss through the subsequent van( ,rn, i . , each predicted to

equal one local dynamic he-ad,

AVCO v- LTT 
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A = q : .P - _ 0.2; (43)
S q c qc

The contractinq transition suffers little head loss so it is - ]

simply included with return leg wall losses. Wall losses are es-

timated sn the basis of fully developed pipe flow with a diameter n
5of 3r cm, a Reynolds number of 2.6 x 10 and a length of 2.0 m

'A p 1 0. 11
4 0 "0 03 (44)q d D2 u

The diverging transition contains splitter plates to provide

a 'iLform distribution of flow to the plenum located upstream from

Yr velocity stabilizer. These splitter plates serve to provide .

uiniform entry conditions to the velocity stabilizer but do not aia -.

' i pressure recovery through the transition. Consequently, one

onrr',' dynamic head is assumed to be lost in this transition

Po 1.
- - 0.25 (43)q c D 2

4 . Fan arm Fan Diffuser

A spnrcific fan selection cannot be made until a detailed

j'0f:o design is completed. For present flow power considerations "

a an-axial fan of - -i) cm (12 in.) diameter may be fabricated tca

;r,"t prosent flow rate and pressure head requirements with an as- . .-

,at,- fan efficiency of Yf = 70%. Tiniform flow entry is pro-

2i (i i hv vanes in the ups tream turn fol lowed by a stra ight flow

n (f one blade r- iamoter and a slight flare at the fan entry

f -- i nt fan opr.rat ion rqu ires that it be followed by a fan di f-

Ji r. If the "'n in],t -ra i. 6 3% of tihe approach area in the

1 48aL']
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circular duct as in Figure 57, the entry dynamic pressure is 2.5

times that of the approach flow

'a-. 1qi 2.5q = 2.5cD - 0.63qc (46)

For reference it is noted that with no fan diffuser one may suffer

stagnation pressure loss of 0.63 cavity dynamic heads. A diffuser

0

divergence total angle of 5.5 ° was chosen for the outer diffuser

wall, and a nocelle taper of 4.9 was chosen with an abrupt

truncation at the entry to the downstream turn (see Figure 57).

This configuration is appropriate to maintenance of attached flow

and one may conservatively estimate the diffuser head loss at 40%

of the fan inlet dynamic pressure, i.e.,

lpo
0.4

qi

or

AP_ APo _ 1.0 -= 0.25 (47)

q q i q qqc a. qqc Do

. V'locit Stahilizer

A flow impedance is inserted at the upstream end of tne con-

verging nozzle tor purposes of suppressing large-scale turbulence

and providing flow to the cavity with uniform velocity. This is

indicated at a heat exchanger in Figure 57 so that it may provide

fine scale control, if nocessarv, to cavity temperature level and

uniformity. For present purposos it may he viewed simply as an

impedance which introduces a pressure Ioss of three entry dynamic

1 4 
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4 b

%qc II ooD (4 t) r

No z C Km p.,t a -uff ,L n onaryLyr.,cLi

VSV

) is tioe [low area ratio between stabilizer inlet and

,r:~tv. 'This is alo the nozz1l area ratio, which is chosen as

. ac.ain on the asris of a lance between system compactness ant! "" .

f "aw- I Cp power.- .

f. Nozz <, r}stream Muff ler and Boundary Layer Suction .

Trte nozzle is formed by the arcs of two circles of radius

r t e ecual to the arpa ratio of 2.5. The ratio of inlet height

.1rV is 1/4. Parallel entry and exit flow and arc tanqency

Sn junction complote thp de sign specification. Head losses in

.)nzzle ari insignificant.

' is nozzle qeometry provides sufficiently rapid expansion

t r,-,start the boundary layer at its exit. Head loss in the up-

• m m um muffler is determined by assuming smooth wall boundary

rcwth on the solid walls and rough wall boundary layer

i' alonq the p)erforattd wall, or approximately

m 4 3 m

Sf d -2 f (I

hS

" .0

S+ ) ~ 13.3 cm (49.
p a '

( = U.? " 6 "
f
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where 6 is the smooth wall displacement thickness at the cavity

cathode, given in Section III-E-5 as 0.64 cm. Thus,

q, --

4..

A portion of the boundary layer from the upstream muffler

wall will he removed to maximize the utilization of electrically

heated gas in contributing to laser energy. This removed gas,

which is 3.5% of the total cavity flow, is drawn to the fan inlet

by the existing static pressure drop. Power required to achieve

this is thus a fixed portion, 3.5%, of the total fan power and ap-

pears as a multiplier BL 1.035 in the final determination of

power requirements.

g. Summary

Loop stagnation pressure losses are summarized in Table 6 in

forms with unspecified values of heat exchanger, return leg, and

velocity stahilizer area ratios, and in forms with design values

of 4.0, 2.0 and 2.5, respectively. Small losses to return leg

walls and upstream muffler have been omitted. A scaling relation

is seen to result

e 8.8 4.0 3.0
- 0.6 + + 2 (51)qc 2 D2  D2

DHX DVS

This relation was developed early in the design study and was used

to provide the balanced design of component losses shown in the
table.

The design total stagnation pressure loss .

APO/q C 2.63 (;3)

Or ..
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TABLE 6. EEMENTS OF FLOW-LOOP STAGNATION PRESSURE LOSS

APo/qc Ipo/qc

Diffuser 0.6 0 .60
-2 05

fleat Exchanqer 8.8 DH-x 0.55

Vaned Turns (2) 2.0 D - 2  0.50

W<xransion Transition 1.0 D - 2 0.25

Fan Diffuser 1.0 D - 2  0.25
-2

Velocity Stabilizer 3.0 DVS 0.48

To tal 2 63

O fv T
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combines with Eq. (38) for a determination of' loop power

-1 -1 -1 APo
P 17 7 7 (53)

f b m c q BL

where a = 1.035 as discussed in Section III-E-8-f. Practical

efficiencies for fan, drive train and motor are 70%, 90% and 85%,

respectively. The design value for electric power demand to drive

the flow-loop is then,

P = 1.29 kW (54)

Additional power requirements to drive the liquid coolant loop are

discussed below.
5'.

9. Fan and Drive Train Requirements

The design loop pressure drop of Eq. (52) is referenced to

cavity pressure by

2c - 2 = 2.63 2 M2

P qc P qc 2c 2c (5

On'oratinq conditions given in Table 4 provide a cavity Mach number

0.034 and volumotric flow rate V = 0.746 m /sec. Thus,

_ 2.5 x 10 -  (56)
p

* Tt.';' r ratinq r(,q(uirements are referenced to ambient condition

Ird ;fanrhrI fI n] ink. operat in units for fan design as

V . 15? cfm (cuhic feet per minute) (57)

1.0 in. w (inches of water) (58)
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p)ratinq s peed regime may be obtained from the followinq

pe rformance correlation

M t M. (59)-

where K is the fraction of peak head at which blade stall occurs

and Mt is blade tip Mach number. A choice of K =0.05 and Eq.

(56) provide a tip Mach number from Eq. (59) and a tip speed from

the laser gas sound speed of 412 m/sec.

Mt = 0.173 u= 71.3 m/sec (60)

If the blade disc outside diameter is 30 cm the corresponding ro-

t ational speed is

f = 4540 rpm (60)

Specific fan selection cannot be made until flow-loop desiqn

finalized. However, fabrication of vane-axial fans for mili-

t ary and space application predict a fan efficiency in excess of

7Q: for the above operating conditions.

10. Liquid Coolant Loop Design

SiLicone heat transfer fluids meet present operating temper-

,iture requirements and easily meet current space application life-

time, requirements when operated in the absence of air. They are

:ilso very compatible with all conventional materials used in cool-

ant Loops. - Candidate materials are Dow-Corning products

SYI,THERM Z -444 and DC550. Analysis here is based on the pro-

p'..rt (es of type 444 fluid.

The coolant loop is designed to remove total electrical

rlower deposited in the gas and in the structure as well as flow

porwer dissipatod in the flow loop. Total dissipated power from - _

-lotron gun, discharqge and flow dissipation are listed in Table 7.
.
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TABLE 7. HEAT LOAD SOURCES AND DISTRIBUTION

SOURCES

E-Beam Pe = 2.25 kW

Discharge Pd = 9.50 kW

Flow Pf = 1.00 kW

Total Pt = 12.75 kW

DISTRIBUTION (REMOVAL)

Foil 180 W

Discharge Cathode 855 W

Discharge Anode 448 W

Upstream Muffler 1100 W

Exterior Walls 450 W

Heat Exchanger 9687 W

Total 12.75 kW

External Heat Exchanger 12.30 kW

.5E",
II.o
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This deposited power will be removed by cooling at vari,),us""

locations in amounts listed in Table 7. Component locations are

shown in Figure 57 with exception of the upstream muffler HX ans,

external fX. Wall temperature requirements for various elements,

diiscussed in Section TII-E-4, have varying tolerances which are

best met by independent element flow and temperature control as

shown schematically in Figure 63.

Cathode and anode wall temperature constraints demand accu-

rate liquid temperature control. This will be accomplished witH, a

res,7rvoir (sump) whose temperature will be controlled by wall

cooling and regulated heat exchange with the external HX. Addi-

tional control will be provided by separate regulation of liquid,

flew rates to cathode and anode. The higher liquid inlet temper-

attire to the anode as compared to the cathode will be accomplished

Iv a[osie supply line cooling.
0The upstream muffler wall must be held to within 0.6 C of

C 'vity temperature. The muffler heat exchanger will be located in

t'!'- muffler backing volume, hence liquid temperature control is

:rr. rr.laxed. Wall temperature control will be achieved by regu-

lated liquid flow rate based on wall. temperature monitoring.

The loop heat exchanger will have regulated liquid flow and

'avity; 0as temperature will be the control monitor. The external .

, -t -xchanaer will he air cooled in the breadboad desiqn. 7h .. .

..;,all fan required is not considered in the power budget sinc i'

' repLaced by radiation cooling the space application.

Ptimp v;ower requirements for the liquid demand of each ele-

1-.n - hcv boen computed on the basis of flow demands and specific ".

it-mrnt geometries. Geometric details of elements have been dis-

sod in Section TII-E-4. The major power demand is the cooling.

f the discharge cathode tubes. This is a reslt of the load re-

.irm,,nt-s, the, AT constraint and the. small tube inside diameter

.h7 cm over the 4.0 cm long region of e-beam operation. A - '
],.w "auti cA pump etficiency of 33% is anticipated since flow

lir ti- the has is of temperature control. Drive motors of

1 56 V T
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~.r.
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UP""
' ' J9199HEATER -

I . Fiqure 63. Liquid Coolant Loop Operation Schematic ,

:i.1
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:; uch snall power deimnand are realistically expected to l,a, -

ciencies of - 75%. The design liquid loop electrical powf r

oIireintents are

P -7 -l x 68.5 W =274 W
p m

I] Flow-Loop Desiqn Summary

Allowed phase errors at the output aperture have beer -

ess,,J for specified laser targeting requirements. These a, i
--rror have been budqeted equally between optics distortions 3.

c-vi-v rrediim inhomogeneities. Cavity medium inhomogeneitier w-, re

nudoleted equally between thermal distortions and pressure wa-
.itortions. Flow-loop thermal conditions and pressure wave s:,-

Pression designs were carried out on this basis. Predicted ov- -

-ll cavity inhomogeneities are 64% of that budgeted to meet

na'rformance requirements. This implies that the optical axis r':

,, s;caed up by a factor of 2.5 while still remaining within thier

Tn addition to cavity medium homogeneity requirements and

,,vic, performance requirements, the flow-loop design approact)i-

it, SsZ (I) efficient operation for low power demand, (2) co;rn- .it-

!or iltimate space based application, (3) compatibility

w: ,t reactive laser gas environment, and (4) reliabilty of

" ,onants and peripheral equipment for long lived, maintenanc,.
r,. operation. -

Flow-loon electrical power demand for the considered corss:'

1- or' dosiqn is predicted to be

P f 1.29 kW .

Ti.iiid coolant flow power is conservatively predicted to be

158
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P = 0.27 kW (63)iz

Total flow-loop electrical power demand of 1.56 kW is 15.6%

of the electrical power demanded by the discharge. An increase in

the cavity scale in the flow direction from 4.0 to 6.0 cm is pre-

-7 dicted to require a total flow power which is - 20% of that for

the discharge.
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T 11 e yst(:. T1 U t ha v a aI Widt of < I i, it r ,3,

i Lt ande fyte f uschave r u nt nO wit n t a < I a , r a sra'

t -al wiut:, of about 6 ~,hence spectral control is necessary. 'lin P

bePam quality requirement dictate-, the use of an unstable resonator.

nr un stable resonator generally has energy moving outwards-

its axis in suich a wav that the light cannot be colliora,.ci

bes ir; ctions. The angular diversity that occur,.: irn sucn dr-

"i~;makes the normal frequency selective devices impracrticii.

?r. r o cm!)er might he solved by u. ing a ring resonator with unidi-

icnlal flow of energy; but that approach is rejeci-ed hrcati-e-

!-* xt.,a_ complication and loss of efficiency.

A pra'ct ical system can be configured either as a Master Os-

':il i tor followed b,1 a Power Amplifier (MOPA) , or as a master os-_

Iaorfoillowed b~y -in Injection L~ocked Oscillator (ILO) . TPhe

,;ippro ciich has two major advantages. Firstly, the injected

T,2e Ja n, Ie much shorter than the final output pulse, and sec-

K u1 higher amplification is available by this route. The

~1rce;s o the, injection approach does rely on the medium having

K vshomogeneous broaden ing . Results of the inject ion C--

,rr -n-nts ir ingI Phase I of th is program (see Section I I-A-2--o)

<2rm he h-omogeneous broadiening . The approach has been proven

111JC, ' rij-i ampl ification without sacrifice of beam quality,
(27- 29)111 a Ie var iety of active media. It has, 1-een

G i. Gibson, A-1. and Thomas, I., "Injection- Lock ing of a
Flas hlamp-Pumped Dye Laser Without Longitudinal Mode Match-
ing," J. Phys. D: AppI. Phys. (Great Britain, Vol. T1, p

i)-K (,,-il,, T.J. and Christensen, C.P. ,"Control of XeF 1,aer
Outout. hy Pultse Injection" Appi . Phys. Lett . 36 (8) , p. 6~
Apr il 1980..*.

Rliczek, V.J. , Freiberg , Robert J. and Skolnick , M.1,.,0
Injection Locking: Proc. IEEE Vol. 61 No. 10 p. 1411,
2c-t oer 1973.
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.i-T n, trated to work well when injecting unstable resonators. (30- 3 1 )

.':, in, ction reriuces the buildup time of the injected oscillator

ro;1, tin i incr-ase in output energy. ( 3 2 ) A few watts of

In e -tUw -. are ample to give good spectral locking of the type

)t I:3;er rotoe, but the discussion of the next section will
mimnstratf thf4 dfoc irahility of injecting considerably more power

tr-utr thls master oscillator, to reduce buildup time in the ILO.

2. PRsonator for the Injection Locked Oscillator (ILO)

Analysis of the laser cavity trade-offs leads to choice of

an unst-able resonator of length 1 m, and transverse dimensions of

h F by 4 cm. The active medium will he 62.5 cm long by 6 by 4 cm.

The requirements are met by the confocal unstable resonator shown

schematically in Figure 64. It has a magnification ratio of 1.67

and a corresponding feedback of 36%. It uses mirrors with radii

- of curvature of 5 and 3 m. Since it has confocal geometry it will

have a collimated output, and thus utilize the medium efficiently.

The transient buildup of the lasing is discusssd in Appendix

A. The buildup time of this ILO without injection, if restricted

to I A spectral width, would exceed 50 ns. It is shown that in-

jection of 3 kW will save 35 ns of this buildup time. Based upon

the nominal 250 ns pulse, this reduction in the delay time will

add 13% to the energy of the output, as well as giving spectral

control without adding any lossy elements in the resonator. The

S".savings in buildup time and consequential increase in output of

the laser, for various values of injected power, are listed in

Table A-i and plotted in Figure 65.

30. Park, Y.K., Guiliani, G., and Byer, R.L., "Stable Single-
Axial-Mode Operation of an Unstable-Resonator Nd:YAG Oscil-

" lator by Injection Locking," Optics Letters, Vol. 5, No. 3,
p. 96, March 1980.

". (Thidhar, J. and Murray, J. R., "Injection-Locked, Narrow-Band
KrF Discharge Laser Using an Unstable Resonator Cavity,"
Optics Letters, Vol. 1, No. 6, p. 199, December 1977.

12. J. Goldhar, J., Rapoport, W.R. and Murray, J., "An Injection
locked Unstable Resonator Rare-Gas Halide Discharge Laser of
Narrow I[inewidth and High Spatial Quality," IEEE Journal of
Quantum Electronics Vol. QE-16, No. 2, February 1980.
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A. PERSPECTIVE VIEW . r.

4 cm 2.4,/ cm .< ,

6 cm

I)Ii~. EMITTED BEAMY
3.6 cm CROSS-SECTION

B. CROSS-SECTION

COMMON
FOCAL

1 m 1.5 m POINT OF
MIRRORS

RADIUS OF RADIUS OF EFFECTIVE FRESNEL NO.

CURVATURE CURVATURE

5 5m = 3m A. HORIZONTAL = 96

(f 2.5 m) (f = 1.5 m) B. VERTICAL = 216

9148

iii tirz. 4. Piopused Rsonator for Unstable ILO (Schematic)
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INJECTED ENERGY (5Ons PULSE)
0.5pO 5J 5O.J 0.5mJ 5mJ
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,... i.. ct or lOF 5 span t"1e cr it i-al t iIme dur in( the poping

when the tain first .p(pear s an d the transient bui ldup co- [.- ,l,

,,,* injected hpfore this time, or after , will be ref-

'. T!e rsvstem can he reoarded as behaving like a multipao.

1 1- C.r irmediatel,,' afte-ir the inject. i n. he b am q y
i --' ini output is dominated by the be-ai quality of a:v ,-r-

, thp injected light that sufficiently matches the -o- .

Of the unstable resonator to survive in the reso-,t,

tr, ;h- ampl ified to high level before exitlng. -

r- feedback will take over as the source of the lasir,q n, -".

-},characteristics of the unstable resonator will i:-re".

'-'ve'y moro and more strongly. At this point any furth, -.

-; )ill re insignificant compared with the enerQy alrea,

a- inc in the resonator.

(_,nt might question whether the optical lengths of the

, -cillator and the ILO should be precisely matched, so t<z '

" .qit-udina] modes are correspondingly matched in frequency.

. -i na L intermode frequency interval for these resonator s

'7u 0 M Hz, hence there will he about 500 such moces

- illI. If the resonators are not closely matched, there

O e lap between a sufficient number of these modes for

, .L 1n, ftron. However there is a more important con,

f-in t , in that the round trip gain of the ILO is ci:-

vrin the tran.sient buildup time that th'- ir<,:w

; ,,, the 11,0 will not have a significant filterini act:n

I i, , :J Iongitudinal modes durina that portion of the

I ,,,nant properties of the ILO will heco me importarIt

: i h- cycle when the active medium goes into saturation and

S ,. r ind t r i) nain becomes unity, because only at that time"

S~ "x :; in t he' s(ucessive passes have near 1y equal it r-

t tic i irrf r'renc,2 ef foct.-: 1,ecome signift icant. In

.r i i ,i nal ma.tch inq is not a problem.

S ! , .,' t . l j , i Ii t m :t t ,,e the -requirfec

t, : t - f ,rvicin" tac, ,n .s of the 11,0 and
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p then emerging with tne required beam quality. This problem will

be addressed in the next section.

3. Injection Interface

The ILO will be injected throuynI a coupl.ng mirror that is

shared between the master oscillator and the 11,O, for maximum ef-

r, ficiency. Otherwise a large portion of the injecting laser's out-

put would be lost by reflection on entering the ILO.

An inherent property of unstable resonators is that the

light traveling in opposite directions roes not repeat itself,
whereas in a stable resonator the light does repeat itself. This

presents a dilemma when trying to match the transverse modes from

a stable resonator into those of an unstable one.

This problem has been addressed by Goldhar et al. (32)

They have developed a recipe for ensuring satisfactory spatial

mode matching when injecting an unstable resonator from a stable

resonator usinq a shared mirror. Given that the mode of the

stable resonator has to have its wavefront match the surface of

the shared mirror, the recipe requires choosing the size of the

injected soot such that when it reaches the opposite mirror its

. radius of curvature R closely matches the geometric wavefront of

the expanding mode of the unstable resonator. They verified ex-

perimentally that this does work, achieving good injection loc, ng

and near diffraction limited output from the injected laser.

Wren this :ecipe is app~ied to the proposed resonator o,

Figure r,4, it yields an optimum spot radius w, for the lowest or-

dour (,aissian mode of the stable resonator at the shared mirror, to

no 0.41 rm . We have ana lvzed the subsequent evolution of such a

fuindamental mode, after injection, using the Koelnik and Li for-

(33)' mi tation for thc, propagation of such a mode. The beam was

"'" - Ionu . k, H. and li , 'V. , ,e r eam. a no Resonat r s," Al -

-pli i (pties . Vol. 5, No. l0, p, 1550, October 1966.
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tr i'skei after repeated bounces from the opp)sirig mirror, lat

reached a radius where it would exit from the unstable rrnon ft,

jV:~'esilt is plotted as the lowest curve in Figare Ok. T r.

w. R is plotted against the spot radius w for the propagating .

a' thr successive interactions with the mirror that is in theo_ exit,

i)nIt. This ratio w/R is the semi-angle of the Geometric diver-

ip nce of the beam. For comparison, the semi-angle of the oittrrc-

o:. I imit, x/2w, is plotted as a dashed line that appears.

w:' ;,,:iitely above the first plot. It is clear that a Gau. sian

.s injected thronuh the shared mirror with a fundamertal spot

)f 0.49 mm will indeed successfully inject the laser a.

,wlt in an output beam that is very nearly diffraction limited-.

Also plotted in Figure 66 are the results of a similae-.r anl-,',

of 0! beams that are injected through the shared mirror wit,,

>ir.iramental qaussian spot radii of 2 anci 0.2 mm. It can be seen

trnt., although these have greater divergence than in the optimum

:vt4 ion, they will still emerge with less than 5 times diffrac-

limit ie] diverqence,. The additional plot for a 5 mm Gaussiao.

,i:][s injected spot shows that it will have diverqence approach-

lni times the diffractive limit. It is clear that, while a

r ,ditis of about 0.5 mm is ideal, a factor of two either wa.' i.s -,ot

*uo{ ci-tical in this application, hkut a ,]reater mismatc r,:4 i-

" ided .

- he ahovye analysis shows; that if a funddamrntal I;a :. i:' ,

,;out 0 mm spot radius is injected as describd u( n (Ir in".

r i t icaI time when the gain is first appearing, t,(en it will in-.

,r , t ,iple pas-ses in the resonator, growinq on each 1paIs - th, 1,,-

Si (.-,-ition ratio, until i t emprqes with much the same heam ai ity

, that with which it entered (assuming no medium (Istort ions)

:ii fir or ter mode entering at the sai, place an{! wit,. it.s w i.:-

ri u-i t/hed tI) t h, sme :;hai rd mirror, musit I kew'i, ma-, t K ,%

' , "w,iv,"front K-lirvitiire on th( o.po aing mirror , and !,.in,,, ,n

],t xpand i.n fhes, manner. T howw."'r wi 1 1

ir (e i i mt In mer~ wrm~ I ~ iicn'w m
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(t)LC, it exits. fi,nce it wi 1.1 see less gain and he discr iminatod

aqainst. it follows that the light that first emerges front the

dioPcted oscillator will have a higher proportion of the energy in.

lower ordor mode than that which was injected. Subsequently

thr- spatial filterinq action of the feedback mechanism will come

in~tA play, and the output will become more and more dominated by

the characteristics of the unstable resonator (see Section II[-k).

4. Master Oscillator for Injection

It now remains to design a suitable oscillator for providing

the injection signal, having as its output mirror the shared one

of 3 m radius of curvature. It should have a Gaussian fundamental

node of - 0.5 mm spot radius at this mirror.

A stable resonator which meets these objectives is shown

schematically in Figure 67. The Kogelnik and Li type analy-
( 3).;Is aives the parameters that are tabulated in Figure 67.

The 0.52 mm spot radius at the shared mirror is a sufficiently

good match to ensure successful injection, as shown in the pre-

.odinq section. Further details of the design are discussed in

Ar ppndix B.

t is anticipated that an aperture of - 1.4 mm diameter,

rlaced as indicated in the resonator, will allow sufficient modes

oscillate so that the laser is not too critical in its align-

ment, and yet will give a beam quality from this oscillator that

.,;ithin two times the diffraction limit. Such details will

r a optimized experimentally.

Spectral_ Control

A diffraction qratinq will have adequate spectral selectiv-

e n s sure a width of <" I . It will use a substrate of Corn-

: .or Schott Zerodur, which both have temperature expansion

.. rnt of - i x ]0 / C. This will ensure spectral sta-

0
( I - r a t(.mpOratro range > +/- 1) C. It will need ao-

"tir , -t capaility with a precision an(i -stability of 2 arc sec to

, ther center of the flgbr Line, and thn maintain the tuniTso

: )I, within 0.1 ". The development to -,pectral widths ot 0.2 A
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ACTIVE

R=3mn f:..4cm f:25cm 2c-

*POSITION A B C D

TEMO SPOT RADIUS 0.52mm 0.52mm 3.19 mm 3.19mm

DIAM. 1. 04mm 1.04mm 6.38mm 6.38mm

J9164

F.iqure 67. Proposed Master Oscillator for Injection ILO
(Schematic)
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V. ,:

j t Ioss (Appendi x ) can ho dono ,ither with a diffraction qrat Lnn
j

at " hiqhvr angle of incid rc, or with an intracavity Ptalon. A

,'bit le oan would have a ;pacinq of abou t I mm. 'Trade-olf s ir.

the selection will involve efficiency, stability and ease of con-

trol. The technology for the spectral control is well developed

within AERL as a result of the extensive experience over a period

of 10 years with the JNAI program for isotope separation, where

spectral widths and absolute wavelength accuracy of < 0.02 have

Peen routinely achieved, with corresponding stability.

6. Choice of Shared Mirror between Resonators

There is a conflict between desiring a high reflectance for

this mirror to reduce leakage of lasing light from the unstable

rnsonator, and desiring a lower reflectance to increase the effi-

-iercv of the injecting laser.

Commercially available diffraction gratings have only 80%

guaranteed absolute diffraction efficiency at the wavelength of
J000 A. When higher efficiencies are cited they invariably turn

,out to be "relative" values, or for the infrared. This drives the

optimm reflectance for the output mirror (which is this shared

mirror) to < 90%, as illustrated by the curve of Figure 68, which

p ,Its the anticipated output power of the oscillator versus the

rrfiectance. Diffraction irat inqn with higher efficiency are(.

within the state of the art. However it is questionable whether

,, qoal increase in overall ,tficiency of the system would war-

r *nt much effort in tois di rection.

It is technically feasible to design the mirror with

r;flectance locally in the region of the injection, and higher re-

flect-ance elsewhere. However analysis shows that the gain to be

achieved in the overall output, compared with best optimization

with a uniform mirror, would he only 2*. Hence the additional

r vk to the hfa.ai. quality, and the complication, is not justified.

The trade-off in selection of the mirror reflectance is

h-''iQ influ, 'ov' hy the relationship between injected power anl

r ltant incroas in e-fficiency of the unstable resonator, which
'S %'
%." %.
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i-- ,.:;own in Fiqur-, 65. The data from Table 8 and Figure 65 are

comhined in a plot 'A' of Figure 69, to show the increase of ILO ,'

('fficiencv as a function of the shared mirror reflectance, exclud-

ing the effect of leakage of ILO light through the shared mirror. ..

This additional loss is plotted as curve 'B' of the same figure.

Curve 'C' is obtained from the difference, and shows the net effi-

ciency increase of the ILO, fiom the injection, as a function of

the shared mirror reflectance. A choice of 98% is sufficiently

close to optimum, and will increase the output of the system by

L3%, as a result of the injection.

Higher reflectance than 98%, while giving a little more ef-

ficiency, would be unwise because scatter and absorption losses

ma rroblems would then start 1,ecoming significant.

The combination of spectral control and added efficiency

thsat come from the f,() approach makes it very attractive for this.

application.

7. Injection Laser I

Por system simplicity we choose an avalanche discharge laser
' +-0' to that built at NOSC. However in the place of UV

'cr ,.ation we wori ,i use corona discharge preionization usinc

"r ma " a" behind one of the discharqe electrodes. This tech-

. worKed wIlI with small discharge pumped rare gas-ha I-

it ias the advantaq, of not requiring spark source.,

Sif .fic-il to make for long life operation.

ia ;r ,maII-;ignal qain and pulselength is expected t,

1 -1r t,) tlio, of the NOSC device. In this case to achie,.. .

,n w 75 ns pulselength, a mixture of Ne/N 2 HgBr 22b
i i f. , with a discharge energy input of 100 J/.. For the

1 r . 0 x I x ] cm (ain volume the input power will be 200 W-

r. , or ivate commnication.

private, communication.

1_2
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516%- A. EFFICIENCY INCREASE FROM INJECTION
(IGNORING I LO LOSS THRU SHARED MIRROR)

14%-

S12%-
zw

C. NET EFFICIENCY INCREASE OF I LO
D2
0
0

S8%-
z
w

S6%-
w

B. LO LOSS THRU SHARED MIRROR

00

90% 92% 94% 96% 98% 100%

19149 REFLECTANCE OF SHARED MIRROR

*F'iguri- 69. lnc-ret-ased Output ,f ILO vs. Reflectance of Shared
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I. Design Approach and Rationale

The operating parameters of the e-beam are listed in Table 8.

In this section, we will first discuss the general approach of the 7
e-heam design, in view of the overall device requirements. This

will be followed by a more detailed description of our preliminary

design of the e-beam system, including two main options for elec-

trical pulsing.

The important elements of the design are:

0 Thermionic Dispenser Cathode

* Bakeable Vacuum System

* Conduction Cooled Titanium Foil Window

I . Grid Switched dc or Externally Pulsed High Voltage

Options.

The rationale for these choices are as follows:

Thermionic Dispenser Cathode was chosen as the most viable

candidate for achieving a broad area uniform emission of 2 A/cm-
18 10

for the required 10 pulses, being scalable to 10 pulses and
lifetimes of several times 10 hrs. Near term requirements can

he m-t and exceeded based on already demonstrated cathode perform-
2

ance, including verified heater power consumption of- 6 W/cm .

Bakoal,]e Vacuum System has been incorporated into the desiqn

nf the e-qun to ensure reliable activation and efficient cathode
-9 7p# rfr manco. A base vacuumn of 1 10 torr, and < 10 steady-

qtdt,- vacl:jm tinder e-beam operation is considered as a realistic

design qal. This can be achieved using standard high-vacuum

t-'cnr-l ,og7 with nil-free pumps, all metal seals and ceramic bush-

ings with -i hak-out capahi lit-; of 350 0C. Further reduction of %

r outgasSIng can hr, achieved by ,lectron bombardment cleanup, if

no - w;s ary.

('orruiput, i "i, ed Ti tan i m Window i s selected to provide

Iong life under cyclic: stresses as required for the present appli-
2ctin. he, ,lft. ive ly i ej(-st foi I oading of - 2 W/cm can be

,Vrandl, ny i pur, ti~anim foi, hut increased heat conductivity

1"7h . Ich ve.d by ,, atin~i the f l wit:h a thin layer of copper.

AVCO F:V - ETT
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TABLE 8. E-BEAM DESIGN PARAMETERS

Voltage 300 kV -

Emission Density (Cathode) 2 A/cm 2

Current Density (Gas) 1 A/cm 2  .

Pulse Duration 0.25 ps .

Rise, Fall, Droop max 10%

Area 250 cm 2 .- '

Total Current (Gas) 250 A

fmppedance 1200 Q.

Pulse Energy 20 J

rR. Pate 100 Hz

Av-rage Power 2000 w

Li 108 pulses

- r:
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, "'i t.w ': a t, 9'xr nalv Pulsed High-Voltage Options
a n:onO id- i wrn,. alternatives for powering the

, - -. . ', c.;'v ,,,n o h, .:ons idered are the step-up trans-

V.~ ~ t<re xo t't~xrn;Li pulsi og, and the graded bushirng
C. r, r e r ,e1minary desicn of

-. :r ct, ,. . or either method, being conseiva-

i,*. L I ,)c f. f. Selection of externally

a ., i, ' qver, alo,' a more compact desigfn of

t-,,.

<-. 'ac.i;.;r i f h ine tr .''

.. . . .... cum c-cornier f-,r t !Ie e-gur is a cviindrical ve-,ssel

r ~ i 1 ... (' r_ ,o . Fi<anre 7t. It Las two large.

()O q <i t .o ,'-Ztomi ,-ind the ne gat ive high-voltage termi-

nal pors ;i ,itac"nc: pirmrs and qages. The chamber is a vessel

r~an xt_-,.oefore, is liable to failure due

.I' In v ,w of the discontinuous structure

'-t, .I . , - , cutots -he she L.1 is designed with a big

7a c t'. r 'K, chamber is constructed of stain-

do I +-r' ;c- a . : in accordance with standard high-

-- w i L i. no (4riind and :olished .-

L2 , -, • i, 1ze both electrical stress and
.. .y ... Lv a Dive rsey dip process w! .--

... a -face - produces a finish s0i-

.. . ,a , -l ctric field at_ 300 , " j-

; r - vt, t-,.' r,,ative termina of _-, 's ,.

" "-. . .1 -f . tr, 1 r } 1 3 ] - 7 ] 1t [ "

-I

,-• " -. ' .. m" in 5'_r
. I ' ; c , , , "
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*J.

S HV INPUT LINE

E -UN
VACUUM CHAMBER

4 .. °

GRADED

HV BUSHING

COOLANT

- LINES

• t H.V. TERMINAL -°

- . ,/ CURRENT
"- ~ -s--FEEDTHROUGHS

CATHODE
HOLDER 

MAGNET

GI COIL

DIS PENSER GRID
CATHODE %

ANODE .

/. •

DISCHARGE CATHODE FOIL SUPPORT

Figure 70. E-Gun Schematic Drawing
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The cathode forms one wall of a copper liquid cooled box,

and is indirectly heated by tunqsten filaments. The 4 cm x 62.5 cm

dispenser cathode assembly consists of modular blocKs as shown in
0IFigure 71. The heaters aE operated at i400 C or less to en-

sure long life. A stack of heat shields behind the cathode pro-

vides thermal insulation in order to conserve heater power. Space

behind the cathode box is utilized for electrical connections and

cooling pipes.

c. High-Voltage Bushing

The high-voltage bushing will be a brazed ceramic and metal

ring structure which must stand off 300 kVdc voltage, provide me-

chanical support for the e-beam terminal, and which must also have

sufficient temperature capability to permit bakeout. There are

accelerating tube sections commercially available which have suit-

able characteristics. The bushing shown in Figure 70 would oper-

ate at an average electric field of 15 kV/cm. A coaxial line

(solid or cable) from the high-voltage power supply terminates in-

siLe the bushing. This coaxial line will be made to carry heater

power, control oower and coolant connections inside the inner con-
*-:uc tor as required. Also, inside the bushing a high impedance

-radinq resistor chain must be provided for dc operation. If

: ed operation is adopted, the bushing will be cpacitively

rif -qra,-ing ano no resistor chain will be necessary. The inte-

. the bu--hing will be f illed with SF at a few atmospncre.%

, r, to make its voltage capability at least as good as the

aam ride. It- is assumed that the coaxial line and _rading

:wilI be removed during bakeout.

%. P )i.ng Bakeout and System

rored base vacuum of < 10 - torr will ne achieved

,o:1i -free pumping system, metallic seals throughout,
0I,' trk )ut at 350 C. The roughing systcm will consist

pump and cryogenic absorption pumps. Valve!- and

ird-i to control and monitor the system. The es-

S..i bused on -10 torr /sec/cm- outgas-

- 200 /sec, which can be provided by ari
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TANTALUM CRIMP CONNECTORS --

HEATER CURRENT

CERAMIC INSULATOR-
TUBES

RADIATION
SHIELDS

EMISSION SURFACE -
- J•

POROUS TUNGSTEN

HEATER CURRENT BLOCK

J4570 '-THORIATED TUNGSTEN HEATERS
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p inn pump of standard type. This pumping capacity should also be

sufficient to handle the anticipated gas load due to surface de-

:;orption by el#ctron bombardment and be able to maintain a steady- '|

state hackground level of < 10 torr during e-beam operation,

assuminq a desorption coefficient of about 10 molecules/

e lectron.

The e-gun chamber has been designed so that it may be sepa-

rated from the laser cavity and enclosed in an oven for bakeout.
0The baking temperature of 350 C is consistent with the tempera-

.. ture capabilities of all components including the foil support

structure.

e. Foil and Foil Support

The foil system consists of a titanium alloy foil of 0.5 mil

thickness supported by a perforated plate having - 3/16-in. dia-

meter circular holes and a geometrical transmission factor of

50%. Considering the size and operating conditions of this de-u vice the proposed foil system is designed to provide simple and

effective cooling and adequate fatigue life.

T ne foil material, Ti-6AI-4V, has excellent strength in the

trmperature range the foil will experience. Its fatigue strength

ard notch sensitivity are well known at this time and the use of

a)nnealeJ material provides a significant degree of ductility which

will allow the foil of yield to accommodate possible imperfections

'" the rachininq of the support plate.

'The ~uwpport plate will he made of beryllium-copper 10 alloy

to secure a combination of good structural strength at operating

,mperatre and high thermal conductivity to permit a simple cool-

i:122 System. An equi lateral triangular hole layout will be used to

'1a3ximiz- th,-  open area of the foil structure.

3. E-Beam Pol 1sed Power

Thie pulsed powe r needeu for e-beam operation, see Table 8,

i:; rn(rost in terms of energy por pulse and average power, however,

, th 00 JP ,pl e must he delivered in an approximately square pulse

of 0.2; , duration at 300 kV with high efficiency. It is also
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requiired that the power supply and its components has long life

r.xpectancy, at least 10 pulses, and a degree of reliability %

consistent with other subsystems in order to meet the overall sys- %

tems reliability specification. It is logical to examine the

total reliability of the power supply and e-qun in view of the

possible design trade-offs. The most evident trade-off is between

internal grid-switching of the gun and external high-voltage puls-

Ing.

a. Internal Grid Switching Option

This option puts the main burden on the gun design in terms

of its dc voltage holdoff capability, failure modes and possible

damaqe, and ability to recover from arcing. The critical compo-

nents in terms of survivability is the high-voltage bushing and

the foil. The bushing must have dc grading and should not be de-

siqned for higher electric fields than - 25 kV/cm. The foil

should be designed with sufficient protection against arcing such

as provided by the drift space between anode and foil shown in

Figure 70. Also, provisions must be made to interrupt the prime

power source within one interpulse time, or < 5 ms. This can be

done with an SCR controller in the prime XF-rectifier circuit.

The high-voltage power supply itself in this case is simply

an PC or LC charged capacitor that has to store - 5 times the

TgIlse energy or- 100 J at 300 kV to limit the droop to - 10%.

V l~r2 rise and fall times can be made short and are principally

limited by the inductance and capacitance of the gun structure and

the grid pulser circuit, which operates at low (10-15 kV) voltage

and typically uses a thyratron switched PFN to produce the desired

nilse duration.

b. External High-Voltage Pulsing

Compared to the grid switched dc e-gun, the short pulse

],nath will allow much high stress levels to be used in the design

of an externally pulsed e-beam. Vacuum stress levels of ? 60 kV/cm

are used in this case for commercial vacuum tubes operating at the

300 kV level, such as klystrons. The impedance level of- 1000 Q" I
182
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is also typical of high power klystrons and commercial pulse modu-

lators exist that are designed for ! 10 9 pulses. The main dif-

ference between this application and typical klystron tubes is

approximately 10 times shorter pulselength. The critical compo-

nent for our system would be the step-up transformer required to

get from - 40 to 300 kV with < 25 ns rise and fall time. Although

we see no fundamental reason why this transformer could not be

built, it is not a shelf item and would require development and

testing. It should be designed with a bifilar secondary winding

for providing filament power; this would eliminate the separate

isolation transformer needed for the dc scheme. A possible hybrid

. approach would also be worth considering, i.e., using a combina-

tion of external pulsing and grid switching. The relative timing

of the two switches can be used as a means to optimize the pulse

-. shape and energy transfer efficiency of the e-beam system.

c. E-Beam Power Requirement

The overall power requirement of the e-beam system is domi-

nated by the high-voltage power supply and the heaters for the

thermionic dispenser cathode. The average e-beam power is 2 kW.

A conservative estimate of the transfer efficiency of prime power

into the e-beam is 80%. The power requirement on the high-voltage

power supply is therefore 2.5 kW. The total area of the dispenser

cathode is 250 cm2 . The projected power consumption of the
2cathode for the design vacuum conditions, is 2.7 W/cm in radia-

tion from the emitting area, or 675 W. Radiation losses from

other areas of the cathode structure are estimated to be 200 W

and conduction will contribute another - 400 W. The overall power

consumption of the 250 cm 2 cathode would therefore be 1.3 kw.

This makes the overall power requirement for the e-beam system

3.8 kW.

C,-
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i.M.AGNEP!IC F I FIA1 DESI tiN

1. Field Reanirement

In the present design a magnetic field is used to guide and

confine the e-beam from the e-gun cathode through the e-gun grid,

e-gun anode, foil support structures and active laser volume. The

guide field Serves the following functions:

Firstly, the magnetic field prevents beam spreading in the
:ctive volume due to scattering from the foil and laser medium.

Thin improves the e-beam energy deposition uniformity both along

the e-Leam and transverse to the e-beam. It also allows for

-har.pr edge definition of the discharge so that less discharge

-rj ("r-, i s wasted in the weakly pumped fringe regions where nc use-

I<4 laser energy is extracted. These issues have been addressed

it:~ ,' III-C. For this the field strength should be maximized.

Secondly, it prevents pinching of the e-beam due to a trans- .

,--If-magnetic field produced by the discharge which would

irw. constrict the discharge, and lead to a highly nonuniform

"r r , gy ciisposition. For this the applied field needs to
:...f-.. rater than the discharge self-field.

th present design we have chosen a field intensity of

. is is a compromise between keeping the magnetic stresses

i,e 1i coil from being excessive and the desire to have

• .rr eq'd ,efinition on the discharge volume. With this field

*" V" ' shm -ring by self-maqnetic field of the e-beam is

. ,-.i.- .r) I in the (-gun and beam pinching in the discharge is neu-

T size of the field coil was chosen to be 120 x 70 cm mina-

-,iir,-i rn the center of the winding. This allows the magnet to be

c)nmni ntly fitted around the e-gun and also produces a field

.itV acceptable divergence in the discharge region.

A computer simulation of a single current loop was used to

obtain the amount of current required and the uniformity of the

field generated in the discharge region. The loop center was

cm above the center of the discharge region, (Z direction)
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- - - . -. 1- 0 -7- - 2 77 77 10

+ 60 cm long (X direction) and -t 35 cm wide (Y or flow direction)
5

see Figure 72. It was found that 3.62 x 10 A-turns are re-

quired to produce a field of 4,000 G at the center of the dis-

charge region. The strength of the coil needed for other field

values can he obtained by direct proportion.

2. Field Uniformity

Table 9 gives data for the field uniformity in the dischar .

region. The origin of the X, Y, Z coordinates is the center of

the discharge region, (Figure 72) 15 cm below the plane of the

*' current loop. B is the field in the Z or principal direction.
z

Br/B is the ratio of the field at right angles to Bz, to
r z

K its principal value. We are particularly interested in the mag-

netic field in the gas flow or X-direction because this determin(.

the divergence of the beam in the Y-direction. The ratio of B
x

to B is shown in the last column. This table shows that the
z

greatest spreading of the B-field is in the Y-direction, amounti:

to ahouit 7.5% ot the principal field. However, in the important

X-direction, the spreading is only of the order of one-half per-

cent or less.

3. Coil Design

9 The overriding consideration ir designing a magnet coil 1

the conservation of electric power. For this reason, the oni.

.-"i that could e seriously -nsiderd is a superconductinki

iii which the prIncipal use Of U'w,"tric power is for refrigera-

t ion. A permanent maqnet coul(I not he chosen for this app] liar

* re-liuso of the larqe maanetizinj force roquired. Also, coil c;:

figurations which include windings on hoth sides of the discharq.

rfe-ion are- conside- ed to he tpj] te impractical in view of (a) thu,

increased refrigeration which i; roughly proportional to the nur('

-er of c oiI unit:. ind (-) th, large intercoi 1 compressive forc-.;

that would have to h(, taken through the dewar insulation and

across the gas duct. This wou ld further increase the requirced r

fr igeration necause of heat leiks in the str uctures supportino t: ,

coils, andj would greitly complicate the construction of the gas

1 ui "q
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TABLE 9. CALCULATED FIELD INTENSITIES

x y z Bz
cm cm cm (10 3 G) Bt/Bz Bx/B z

0 0 0 4.00 0 0
-4 3.65 0 0

4 4.32 0 0

0 2.5 0 4.00 -0.045 0
-4 3.65 -0.051 0

4 4.33 -0.037 0

2(2 0 0 4.12 -0.079 0
-4 3.64 -0.098 0

4 4.47 -0.060 0

2C 2.5 0 4.12 -0.084 0.006
-4 3.73 -0.102 0.006

4 4.48 -0.064 0.006

0 0 4.27 -0.157 0
-4 3.80 -0.189 0

4 4.71 -0.122 0

n 2f 2.5 0 4.27 -0.160 0.005
-4 3.80 -0. 192 0 .005

4 4.72 -0.124 0.005

V.
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flow duct. On thi, other h~and, a s1imple superconducting loop ca

povid e tho e u r~ man tic field with only/ a small a-mount of

reft qg, ratio-n, and no re-action forces on external objects provi,°:< --[

that they are nonmagnetic. " .

A ty/picai superc onducting q i a,-sembly is shown in Figue -75. . "

Details of i:he design could, of course, be left to the coil manu-

facturer. However, this figure illustrate- some of the considera- -

-ins that Ipterminc- the coil ize and the required refrigeration./
The superconductor, may be e:ither niol.iuin-titanium, or niobium- [_.

tin, both commercially available materials. Niobium tin has the . :.

.

alv,-ntaqe that it can operate at a hi gher tempera ture and there-!:::

for(, use , less refrigeration power. However, both types of super- .

conductor can be accommodated without straining the state of the -

* 5.

art and without exceeding 1 kW of power,.':
A niobium-titanium coil operating between 4.2° and 4.5° ':

in a bath of liquid ~elium is chosen f or illustration. Consider .
that cth soild has a cross section of 6.5 x 6.5 cm and an ampere-
trn value of 3.6 x LO so t.at a 4,000 G field would be ob-

thaind in the lase discharge region. The peak magnetic field at

Ae tcaof the conductor bundle is given by i u

nI g '

max 4D.

wDeae l) is the height of a square windingl With nI 36 x ]anu

04f r er.7o x ow G This is a reasonable and consrvative ra-
Ma x "- '.oa k f , tln for a superconductor. The windings are subjected to an

internal compression of 2.0 aitm, well vithin the capability of

common insulatin materials and common superconducting wires.

ahrafore, the wi can oprate layer built with porous glass cloth
sed as interlayer insulation and for the distribution of liquid

helium in the windins. The conductor itself can he insulated
wita formvar or similar material. pwr

n-.

AVOEVERE:T-T
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COIL CENTER
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VACUUM CRYOGENIC I
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SUPER -- POWER LEAD

INSULATION

-""- " "__________________

WINDING --

HELIUM CONTAINER

... __-RADIATION SHIELD

L .----- OUTER CONTAINER

19156

Fiqure 73. Typical Superconducting Coil Assembly
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Tt Is important to choosi" a fine wire so that the current

: ttrn is ,small. in thi. illustrative desiqn, tho wire chosen V

i1; nio'!Jitfm 46% titanium and a copper to superconductor ratio of

1:]. The wire diameter is 0.020 in. and the current supplied is "' ,,

0 CA. At a r)eak fiold of 20,000 G, this conductor can carry

260 A and therefore it is conservatively loaded. The overall

packing factor in the coil is 0.065 which is extremely low and

_r re there i- ample room for inter layer insulation. The rea-

s.on tit-it so low a current is chosen is because the principle

-,uicp of heat to the supperconducting coil is the power generated

rore lads that conduct current to the coil. In a space envi-

ror;ncinrt, the upper terminal of the leads could be fixed at the.

'omperatrire of the dewar radiation shield, - 80°K and the lower

-- roinal at 4.2 K. Under these conditions, the heat generated

p pair of suitably designed loads is 0.0015 W/A (this is half

e power generated for leads operating from 40 to 300o).

r, ,,'7 Witr 200 A, 0.3 W is generated merely in the power leads.

,iewar Construct oLn

1,,o d ewar can consist ot three concentric containers mace ,t

: ,.ji s;tainless steel. Each container is fahricated in two

rts i _,ad b, s-am welding. The inner container holds ti:.* ,

1 Ir t~ helirim. The inteormodiate cortorme: is: a rda

.. t aT iout H 0 K. Cooling for this t r pf ,ta r, Is at .,1 " -

i a ev r e Iv ronrtIIIta I t n 1) n atur is en-co ntrc. iit 17.,
11'here "o. i ' assmrpt ion here that it will he --- .t ,

0 t v',en the three cnntainr, lre evacuated ana ;evera i'-

,. i r tly flocked sptr insuIat ion ire v ed in these spac': t.-

1 i it, radi iti ,n heat transfer e vn more than wo l. he ILt,1nei i

ui s r f a(-(-,. 't i type, oft c:on7,t r uct i0f o ii

i rrn, .srj The rad iation heat tran3 tfr from the liCui] heliwi. I'1 - "

aino r with this type ot insulation if- -stimated at 0 .018 W.

I ir ir sourc, of heat leak i:; by conduction in ti - tubing of th(,

19 0)
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p turrets used for introducing the current leads and the liquid hel-

imM transfer tube. For example, if the helium container turret

consists of two tubes 1.5 in. diameter, by 0.010 in. thick, by 8

in. lonq, the estimate is that these will consume 0.089 W of re-

friqeration. Thus the total refrigeration requirement for this

coil is calculated to be 0.41 W. A 1/2 W refrigerator will pro-

vide an adequate margin of safety.

During high G-loading, the mechanical forces of the three

container can be supported by snubbers in the vacuum space, de-

, signed to limit motion, but making no direct contact under normal

circumstances.

For a space environment, the helium container snould he kept

fiul and all boil off taken through the current leads and rturned

to the refrigeration system. The weight of the coil, liquid Mel-

ium, dewar, hut excluding the refrigerator is estimated at 32.5 K(.

Refrigerator Power

A .round based commercial refrigerator- supply 1 W of rt-trii-

1-at 4o at 4 , would consume - 3 kW. However, for space ap-

:U lcat ions, the efficiency has been very greatly improveJ.

,.<.Br enr iqe , Jr. has constructed the cr it ica

i .3 refriger,-tor for spac , ipplications and has t t d t. i T

-ls I W of re-i rerat ms at 3.6 ° anI consumes 13(0 '.

• f i i -! ]t 4.1 wotild si htl, hlqhet and Dr. Pr _fcKP!. •

,*,u , *it ir~ .trd thait fui W woild e th inptt powot regu ir(,rt. : ;'

I of r-efr t. irt, n. 'T'i s : ffri( ,r ,tor wf.i t.: 1 i . .. . .

," !lr ,10a(,e Of IC in. x .4 in. x 2') in. ThO re.'f Ir1: at

("/(]*" 1l ,-! r- ver ';,, Claunt3 cyic, with dou;l? .nced ,;c , ,

pp iw 1

A.- TreC~ridqr, s?'W , W.r , AF~l.-TIP-%, t. , L-.-
tory Devlopment o a i W, 3. 6, Reciprocat inq Re t r , o-i

tor for Space App I ica t lons. (A.B. Little, Cam t) r i d qf,"
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I. PULSE DISCHARGE MODULATOR DESIGN

1. Circuit Topology

In designing the discharge modulator for the HgBr Phase II

laser, two types of discharge circuit were considered: Blumlein

and line pulser.

a. Blumlein Circuit

Figure 74 is a schematic diagram of the laser using a

Blumlein circuit to pulse the discharge. The Blumlein circuit has -

the advantage that the output voltage into a matched load is equal

to the charging voltage, V0 . Into an open circuit the Blumlein

gives twice the charging voltage. This occurs when the wave init-

iated by the thyratron is reflected at the open circuit and the

voltage between the grounded side of the load and the common side

of the energy storage line then goes from + V to - V Since
0 "*

the ungrounded side of the load is at - V0 with respect to the

common side of the energy storage line, the voltage across the

load (open circuit) will be 2 V0 .*

A disadvantage of the Blumlein circuit is that the switch

current is twice the current into a matched load. This occurs be-

cause the voltage across the load and the charging voltage are

equal but the thyratron sees ZB, the stripline impedance, where-

as the load impedance is 2 ZB. This places more stringent re-

quirements on thyratron di/dt and inductance. The voltage

produced during the rising part of the pulse by a Blumlein circuit

across a matched load can be shown to be
..

-Pz 4Z4 Z B B tB t

V V 0 e LL
1 - 4L ,

P~.-P.4L5

whero 1 ,, : oad inductance •

=' switch inductance
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Therefore, the time constant associated with the switch is T =

Ls/ZB.

b. Line Pulser Circuit

Figure 75 is a schematic diagram of the line pulser circuit,

an alternative to the Blumlein for exciting the laser discharge.

In this circuit a section of line is charged to twice the desired

load voltage. When the switch is closed the charged line secticn

is connected to the load. The resulting voltage into a matched

load is half the charging voltage. However, a compensating advan-

.. tage of this circuit is that the switch current is equal to the

current in the load. In this circuit the voltage produced during

the rising portion of the pulse across a matched load can be shown

to be:

2Z 0
i~i,..V + L 6 ),i'

V 0  LL +

V-e (66)

The time constant associated with the switch inductance is

then T = Ls/2Z 0 . However, since Z0 (line pulser) = 2 ZB

(Blumlein) the inductance which can be accepted in the line pulser

circuit is 4 times that in the Blumlein. An examination of the

circuit verifies that the thyratron sees an impedance of 2Z in
0

the line pulser circuit.

The thyratron operating conditions for both the Blumlein and

line pulser circuits were discussed with the three major thyratron

manufacturers in the western world, EG&G, English Electric Valve

and ITT. They all preferred the higher voltage, lower current

conditions in the line pulser circuit.

2. Networks

We shall discuss the design criteria for lumped element net-

works for the line pulser circuit.

5.
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Figure 76 shows the classical Guillemin five section net-

works. Since in our modulator design the inductance of the capac-

itors is small but the thyratron does have significant inductance,

* "a design in which the thyratron inductance can be included as part

of the network would be preferred. This eliminates the type C and

F networks from consideration. The type D requires coupling be-

tween the inductors to give the required mutual inductances. This

will be difficult to achieve at the low inductance values required.

The type A network would meet our requirements but the series con-

" figuration will tend to give excessive stray inductance and the

uncharged capacitors add weight without storing eneray. This

l-eaves the type B network which meets all our requirements with no

significant disadvantages.

In order to simplify the design a number of test cases were

analyzed using the Control Data Syscap network analysis program.

The energy storage subsystem will consist of eight identical pulse

forming networks with one terminal of each network connected to

the common thyratron and the other terminal connected to one of

" eight output cables. The analysis was performed on one of the

eight parallel networks. For comparison purposes a simple five

* section "transmission line" network was analyzed as shown in

Figure 77. The overshoot and slow fall time are characteristic of

this network. Figure 78 shows the performance of the unmodified B

network. Figure 79 shows a variation of the B network with the

first four capacitors and inductors equal, the last capacitor

twice the others and last inductor a variable.

The version shown in Figure 79(c) was chosen for further an-

alysis. In Figure 80 the first inductor is varied while the other

components are kept constant. This shows that increasing the out-

. i ]t inductor improves performance by reducing overshoot. A con-

". coptdal drawing of a stripline connected pulse forming network is

shown in Figure 81.

. Thyratrons

The factors which influence thyratron operation at high

d ,"dt levels have only been recently understood. The major fac-

tor:: that de-tormine the rate, of current r ise are 1) the trigger

AVCOEVFRET-T
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00893 0.0202 00075 00026

0466 Ty4e A
0235 0259 I0313 '0506

00781 00632 0 0658 00774 0 1003

006462 0 oC422 00703 00890 01674

0253 0270 0367k 0547 0 740 /yp2 C

0,400 004161 001111 0003 00017]

00914 00909 00908 00906 00882

Type D -

-0.0113 -00122 -00118 0 77

0.091& 0091 6  00916 009j1 00910fl

0.456 0054 0 C0J 00012 0 GCO/U

0 195 0 182 0 4,3 1 83 212

J 9169

Figure 76. Equivalent Forms for Five-Section Guillemin Voltage-
Fed Network. Multiply the values of the inductances
by ZNT and the values of the capacitances by r/ZN.
The inductances are in henrys and the capacitances
in farads if pulse duration r is expressed in seconds
and network impedance ZN in ohms. (Adapated from .-
"Pulse Generators," ,.N. Glasoe and J.V. Lebacqz, ".
Boston Technical Publishers, Lexington, MA 1964.)
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Figure 78. Performance of Unmodified Type B Network -
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Figure 79. Performance of Modified Type B Network
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Fiqure 80. Performance of Modified Type B Network with Change
in Output Inductor
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le STRIPLINE

THYRATRON
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A) PULSE FORMING NETWORK CONFIGURATION POINT

570 nH 203 nH 203 nH 203 nH
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J9181 B) EQUIVALENT CIRCUIT (ALL CAPACITORS I NF)

Figure 81. Conceptual Drawing at Pulse Forming Networ-k
* Configuration
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p!asma density and distribution at the onset of commutation (ie-

ter;ui:ed by the gri,! confiouratinn and the method of triggering),

2) the plasma growth rate (determined by the fill gas pressure),

and 3) the effective inductance (determined by the distribution of

the internal discharqe as well a.; by the geometry of the tube and-

mts external current return) )

To achieve minimum switching delay and maximum circuit

illt, t~e tibe r~ist he designed for such operation and the cor-

:-ect ';-thoc of triggering must be used.

oitain the best initial conditions for commutation, the"

tri,,i-r discharge must establish a relatively high plasma density

near t': .. _athoCe surface. To obtain low inductance, the discharge

s :st be mnread over the cathode surface to the maximum extent. To

- Fii I? process, an auxiliary (or priming) grid is used. The

aux Iiar , qrid is located between the cathode and the control
'4

4ri i, anu it.- 4Pometry is desiqned to confine the trigger plasma
n , , r ' - 2 a h o d .I

'7> ,Iiy form tne discharae before commutation, the auxil-

1. , isc are is prepulsed at a high current level. A hiqh

Krr .fnt auxiliary grid prepulse is necessary but not sufficient to

ci2t, Jv high di/dt. When the ion density near the grid bafflr ar.-
11. 3,r':; reaches a value of - 10 ions/cm , the tube will cc,:-,

:Tt:tr,, regardiess of the state of the discharqe near the r-a7-

axi lary current is used (e.q, 20 to 100 mA) , trigger- -

ina ',en.;ity will not be reached, and a separate control grid puls.e

7T :- , thon fc. ,ised to trigger the tube. It has been reported that

i /t is lower when the trigger pulse is applied to the control

'Jri,; .: oppo -sed to the auxiliary grid. (38)

7. Turngist, [D., Caristi, P., Friedman, S., Merz, S., Plante,
P. and Preinfardt, N. , IFEF Trans. on Plasma Science, Vol.

. . 3, !ept. 1980.

..r jman, S. , Goldberg, 2., Hamilton, J. , Merz, S. , Plante,
. in !Turnqgist, D. , Proc. IEE, Thirteont n Pulse power Mod-
,- tater ,%ymp. RuffaIo, N.Y. pp. 129-134, 1978.
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To prevent premature commutation, negative control grid bias

is used. The effect of the bias is to lengthen the time available

for the auxiliary current to grow and to spread ion the cathoue.

A small bias (-20 V) produces a small 4% increase in commutation

delay, but a large 25% increase in di/dt.(
3 7 )

t A new model has been developed for the hydrogen thyratron

that can predict the behavior of thyratron-switched pulse cir-

cuits. It is assumed that the thyratron can be modeled by two

series elements 1) a constant inductance, dependent only on geo-

metry, and 2) an exponentially falling resistance or voltage, with

a time constant Ti dependent only on gas pressure. (37)

Thyratron specifications contain a "Plate Breakdown Factor,".

Pb, intended to limit anode dissipation to tolerable levels. Al-

though it has long been recognized that this factor is inadequate

to describe the problem, it has only recently been possible to

quantify anode dissipation in high di/dt circuits. The results of

this analysis is to replace the old Pb factor with a new factor,

defined as

b= voltage x repetition rate x di/dt (epy prr di/dt)
b

The model described in Ref. 37 has been used to calculated anole

heating when switching a transmission line charged to a voltage,

*i V. Defining a circuit time constant, L/Z (with L the total switc.

and connecting inductance, and Z the total impedance of the line

plus the load directly across the switch), it can be shown that

the anode dissipation energy per pulse, W, is a function of

" IT as shown in Figure 82, and the power dissipation is di-i L (37)
rectly proportional to ( 37 Anode dissipations consistent

with the above calculation have been observed in practice for

* tubes operated at high di/dt. At a few tens of kilovolts with a

fast circuit, the anode dissipation can ecome substantial, i.e.,

several hundred watts per kilohertz of repetition rate. The mag-

nitude depends critically on T., normally for thyratrons about

30 ns (corresponding to a 20 ns fall time) . This can be reduced

to at least 20 ns at higher pressurrs (> 0.6 torr). On the other

2 . AVC EVERE-TT
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Fiqur-,, 82. Anode floating in a Transmission Line Circuit -
(Adapted from Rf. 37)
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El
hand, reduction of pressure can cause much higher Ti, with the

resultant high dissipation causing excessive anode heating. Thy-

ratrons for fast switching applications must therefore operate at

relatively high fill pressures to minimize anode dissipation as

7well as to promote high di/dt.

If the initial plasma conditions are properly established

during triggering, and the resistive fall limit is not reached,

then the self-inductance of the tube and its current return will

dominate the switching operation. The inductance can be calcu-

lated from the physical dimensions of the discharge and the cur-

rent return, making the assumption that the discharge fills the

tube to the diameter of the grid apertures.

Some recent results at Los Alamos (3 9 ) have shown that the

number of pulses that a thyratron can switch before ceasing opera-

N... tion under high di/dt operation is a function of repetition rate

in some thyratrons. Examination of the thyratron components after

testing at high di/dt and high-repetition rates shows erosion of

the tips of the cathode structure. The tubes used (EG&G) have a

* -. complex interleaved cathode structure designed to give the maximum

cathode area in the minimum space. This suggests that the current

punder high di/dt operating conditions is supplied primarily by the

tips of the cathode structure. At high-repetition rates heated

generated at the tips of the cathode structure would not have time

to thermalize and spread uniformly throughout the cathode struc-

ture, thus resulting in excessive temperatures at these points and

therefore erosion. This further suggests that thyratrons with a

less complex and more rugged cathode structure may have longer

.. lifetimes under high di/dt and high repetition rate conditions.

The thyratron manufacturer ITT can supply a thyratron which

meets our design point requirements in the line pulser configura-

tion. The ITT data is derived from thyratrons on the Stanford

39. Private Communication, McDuff, G., 1981.
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]inoar accelerato r where 1 0 hr of life data has been ob-

rained. For the design point conditions the thyratron lifetime

extrapolates to 2 x 104 hr at 100 iz, which is 7 x 109 pulses.

4. Modulator Efficiency

The loss power of individual modulator components has been

calculated in detail and is summarized in Table 10. The monulator

delivers a power of 10 kW to the laser discharge, and hence its

overall efficiency is 89%.

.-
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w.J,

TABLE 10. ENERGY BUDGET FOR MODULATOR

Item Loss (W)

Power Transformer 200

High-Voltage Rectifier Diodes 30

Charging Choke 28

Charging Thyratron - Filaments 136

Reservoir 35

Conduction - 1

Damping Networks and Stray Capacitance 100

Energy Storage Capacitor Losses 5

Output Thyratron - Filaments 441

Reservoir 68

Commutation 100

Conduction 45

Control Circuitry 100 -

TOTAL 1289

.5--
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J GAS CLEANUP/MAKEUP

1. Chemical Processes

In order to efficiently use the IgBr laser for space appli-

cations it will be necessary to reuse the laser mixture many

times. The most extended efforts to address the issue of the gas

mixture recyclability involve experiments currently underway at
(40)

NOSC. The drop-off in output power as a function of time is

analyzed for a UV preionized discharge pumped laser (40) which

is repetitively-pulseu at - 40 pps. The laser mixture,

HgBr 2/N/Ne, is circulated around a flow-loop to remove the

excess heat produced in the discharge. When the laser is turned

on the output energy is - 35 mJ/pulse. This corresponds to an

intrinsic efficiency or 0.7%. This is near optimal for tnis type

a system operated in a single pulse mode. (41) The laser power

drops to the half power point in about 45 min, or 110,000 shots.

The ratio of the discharge volume to the flow volume is about 1 to

300, so that each discharge volume (- 45 cm 3 ) can be used - 350

times before the power drops to 50%. This suggests that in order

to maintian the output to at least 90% of its initial value, 1.5%

of the mix must be continually replaced or purified.

The laser system proposed here has an average discharge vol-

ume flush factor of 3.5 (flush factor of 1.75 at 200 Hz) so tnat,

after accounting for the higher J/, - 0.7% of the flow must be

processed. Figure 83 shows the correlation between the tractio;i

of the flow removed and the mass of HgBr2 which must be handled

8for 10 shots. From this graph it can be seen that if 0.7% of

the flow is processed, 800 kg of HgBr must be either replaced2

or purified and returned to the system. .

40. Celto, J.E., private communications.

41. Schimitschek, E.J. and Celto, J.E., Appl. Phys. Lett. 36, .
176 (1980).
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o 108 SHOTS
'n I000 0.5% Hg Br?/Ar

2 AMAGATW
0

100-
cJ

?% Il

LL. 10-
0

. 10 1010:

J9150 FRACTION OF FLOW REMOVED

Figure 83. Amount of fHgBr 2Processed vs. Fraction of the
Flow Removed2
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I II dtr t'Lo ,.,: a, ]t what possiblef- purification or replen-

I: , L. i rr io' t, are [ ecessary ano to e ow to make? improve-

, trI recvfla',i Iity, it is necessary to look at the ciiemicai

rt,ct-ionis involved in the regeneration of HgBr 2 from the excita-

t I, .. lode i Calculations ii,dicate that - 20% of Ha Br

rmic.u e tr t Je ,i;charge reqion will ena up as HgBr(x) andi Br.

tollow in% Iactions are then poss i.lo [ro the interaction 01

n hr nc (Ii0

C{ +r r 4 r il(j ur (. ,
(v) hr + hsr Ir r., .. 2

(c: iir + Br IgqBr.

+ ,ighr Hg + lg Br2 ""

I ,-A br + br *igq + Br 2

'I L ate constants tor reactions (a) and (b) have been mea-

s r*n and found to be 1.5 x 10 -  cm sec-1(42) and
-32 6 - (43) "

i- -~ crm se , respectively. The rate constants

t )r :titer reactions are not known so that it is difficult to

,. ~a t rue relative importance of these processes. However,

t[deo,~j. ,1, estimates of the rate constants would indicate that

t :<lc,~s s would go to completion in a few tenths of a nilLi-

.-Cn Tlis would then leave a mixture of HqBr , Hg, Br ari.

S i. n t ii(. argon buffer gas.

There is tne possihil ity that Hg.Br ., could react ion, n.

B 2 Hy B r
Hg 2 Br 2 + Br 2 ,.2 .0

(I ', I t I I "

Hg Br + Br HgHtBr + Hg13r
2 2

iiowo.v(,r a lar,je portion will most likely condense on the walls ()I

,t low- I o(). i'lien, depending on the local lq density, the.

hr will remain on the walls as a solid or decompose into

4.. , .ig, (;., (;ulilng, H.r., und .Strausz, ).P. , J. Chem. 1 ys.
, 1084 (1970).

I i. C ,, M.A.A. , and Woon-Fat, A.R. , Trans. ot Fatruay Soc.
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'S.,

Hg and HgBr 2. The deposition of Hg 2Br 2 in the flow-loop was

(40) 2%
observed in the NOSC apparatus as soon as the laser was

turned on. Data for the vapor composition (44) H g2Br.

also indicates that, under the temperature and HgBr 2 pressure N

conditions of the proposed system, if the local Hg pressure rises

to 0.4 torr, Hg will react with HgBr2 to condense out as

g2 r 2" ..

Br2 will react with the solid Hg2 Br2 at the walls.

(f) Hg 2 Br 2 (s) + Br2 + 2HgBr 2

Tnis process was observeo in supplementary experiments at
(40)

NOSC. Also possible is the direct reaction

Hg + Br 2 * HgBr 22(45)However, it is expected that, as was the case for Hg + C 2'(

tnis reaction will occur only at the walls and thus the rate is

* limited by the collision frequency with the walls.

The processes outlined thus far show how the system can re-

turn completely to the thermodynamically favored state of pure

Hgbr2 in argon. However, there is not sufficient data to deter-

mine the rate of the final recombination process and thus it is

not known what the quasi-equilibrium concentrations of Hg and

i Br2 will be in the following system. Since Hg could interfere

with tne HgBr*(B) production and Br could be a significant ab-
2

sorbtr, it is important to determine the rates of the wall re-

actions unoer the proposed conditions.

What is clear from this analysis is that if either Br or 0
2

Hg is removes from the cycle, then a decrease in laser output wiil

result. Therefore, the materials used in the laser system must

not only be unreactiv,? with Hg3r 2 , but also with Hg and Br2 .

Reactivity couldl result in a loss of HgBr 2 or the production of

ats.-orhb-rs such a:; Br or a volatile metal halide. The NOSC
2

laser apparatus Hiad tungsten and stainless steel in contact with

tr, t lowing gas.

44. TLewis, J.S., Icaris, 11, 367 (1969).

4 M(edI ek.:r, A.K. , okni, N. , Trainor, D.W. , and Jacob, J.H .,

"Ch em Phys. Lttt . b_5, f (i.
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Since tungsten reacts with Br 2 at their temperature 40)

and stainless steel will react with both Br 2 and HgBr2 , reac-

tions with these metals is a likely cause for the decrease in

laser output they observed. ,"

Experiments designed to test various metals for use as elec-

tro(de material were conducted at Westinghouse Laboratories. (
4 6)

Electrodes made from the material to be testea were vacuum sealed

inside a quartz cell with enough HgBr2 to fully vaporize and-

provide a pressure of 1-2 torr at the 175 0 C operating tempera-

ture. Discharge voltage was capacitively coupled to the electrode

from a 100 kHz high-voltage supply. The electrode materials

tested were stainless steel (304, 316), molybdenum, platinum, and

nickel. Of these, only platinum allowed extended running of the

discoharge without loss of HgBr*(B) fluorescence. With the other

materials tne HgBr* fluorescence severely decayed in a few hours""

with an accompanying appearance of several mercury emission lines.

The results of these experiments indicate that platinum will

lu ,0 oo aterial to coat the metal surfaces in the laser cavity

u;;d flow-l oop. Additional evidence in support of this comes from

!:to o, tio,: :,.urtace cnemistry of platinum. Measurements of th,"

m:rcury vapor decomposition pressure for various platinum mercc:-,
am<i iyaru(47) ini catec that at the maximum mercury pressure:

Ji low( (i by the Hgj Zr. condensation (0.4 torr) , no amalgams

lonsiereatIv vmy of platinum with bromine is not cLr .

I) I : known to react with Pt at - 150 C to form

f t, wr';r, t4Ois compouno is unstable above l8o C and

rt i I t orme . 'Ir : co pijourni is likewise unstable above

, Lu C. Lj fort Unitt: ly, ,oth gold and platinum show a maximui; in

4'.-- in',- .:- ., r Iv:,to, comnmunications. .

47. ,,rig, , V.4;. ind D orthbu(dak, T., Metallkd, Z., 64, 715 (197> .

4h. C ntfr r o(t, 1.ii. ind ColtA)ri, P., Htalides of the Second anni
Vlroj Pow Ii a;.;it lol Metllo, (Jonn Wiley and Son Ltd.,

london( ( )
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the rate of corrosion in CK, at the temperature at which the
corresponding cloride dcmoe.The success ofthe

Westingjnouse experiments with platinum electrodes is most likely

*due to the reaction of the PtBr 2 formed with Hg to form the more

stable HgqBr in this way, platinum may play an important role

*as a calalyst to enhance the otherwise slow recombination

Hig + Br.

with the return of platinum metal to the surface by tne re-

action ot PtBr 2with Hg there will be no net loss of platinum.

However it is not clear what affect this process may have on the

protective function of a platinum coating. In the flow-loop, the

coating can be made thick enough so that the integrity of the

coating can be maintained.

it is clear from this discussion that all the metal surface

* houlu he coated witri platinum. The electrical insulators for the

electrode support can be made out of alumina. Because of the

porous nature ot the surface ot this material, it may be necessary

to allow for a certain amount of seasoning during the laser setup

pf'ase, tout there is no evidence to suggest any reactivity between

ilmn nd the other species present. The MgF 2 overcoating on

the_ cavity winoiows is expectedi to tne likewise inert.
Hty cons tructing~ the cavity and flow-loop out of materials-

wtiic:i uu not cnemica Ily iritertere wirn the reaction mix it srnould

2 24
.4 1.

,,-e i e tolvr atl im prov n the reyraur i t hve theato-

> ~ ~ ~ ~ ~ ~ ~ I me~ < UH x~riet

co rrstonin ea ort de.ompses 4) wilheac withes orf toe;'-

," di to h er reacino to stlr ore ofit e Hg tfonte isote",
zV

,'"rasra cali to enhanie te theri'se seel dring to tariao

:." With the retun~ of latiu' eta od itoe merftal dur inq

,t I.

4 oee t not~. c aw affect t;,rhis, poc; Fe F Lv t

. *. . . . . . . . . . . . . . . . . . . . . . . . . . . t e i teg it of the'.
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The first source can be taken care of by baking all the

metal parts prior to electroplating. The outgassing rate hac L -.

measured for stainless steel baked under varying conditions. (5u)

In order to keep the pressure of HBr to < 10t of the HgBr2

density in 10 shots, it will be necessary to limit the outgass- -
-9 2 litr1c-'-

ing rate to < 1 x 10 torr liter cm sec The data in
0Ref. (50) indicates that this outgassing rate at 490 K can be

0oi)tained by baking the stainless steel for 16 hr at 400 C.

Tne amount of the H2 infused into the stainless steel dur-

inj electroplating can not be handled in the same manner because

the integrity of the coating may not withstand the high tempera-

tures necessary for the outgassing process. However, since the

electroplating is done for only a few hours at near room tempera-

ture, the amount of time to release this gas will be correspond-

ingly short, especially after bringing the laser system up to the "

operating temperature.

The difficulties of outgassing H2 can be taken care of by

baking all metal parts before plating and by allowing the final

system to be pumped on at operating temperature for a few days :4

before running the laser.

2. Gas Cleanup System :

The discussion above has indicated that the use of nonreac-

tivu materials such as platinum, alumina, and glass in the lasor

system should allow the laser mix to be recvcled indefinitely.

-)ome difficulties however could arise such as porosity or cracK-1nu
in the metal protective coatirij, unexpectea secondary reaction. ,

or slow outgassing of some components. These processes couid

introduce impurities into the flow stream and thus reduce trf-

idser output during the course of tit( long lite test.

5). Power , lid. , and ko .Uson, F.C. , 1961 Vacuum pvrrp. Ti ass. , p.
1175, 1902.

216

AVCO 0 T T



3 Lo r t hi re: 2as on, the t low,.-I)op will ,e (, ju ijperi witni a system-T for

traurping out all trhe :iatet ia L f rom a certain traction of toe( flow

% 'and replenisringI it witri pure iiLr.By analyzi-ng the mate rial

t!-appeui, it will bte possirole to, drtermine tre source of any ur

A ~ ~~~~ touurt L-) nt iiodit-icatiori cai. iso implemented accoroingly. it

§00 lotho. h )os Io t,- retILuCC te fraction ot processed flow

t-' toie point wtier- tre trapped material can be thrown away. It

tIs s 1not poss ile mooen tne analysis can o~e usea to design an

i4 pur if icit iof suneme.

A s;chematic of the trapping/replenisning system is snown in

F I'- rre 4. A fraction of the tiow enters the system from th-riigh

.rc:.up or tion of tnoe flow-loop. In this first segm-tent ol tne

uriticatioii line there will be a set of sapphire win(.cows wrlic:.

.4~ 1 :lluw tranlsliission spectra to be taken of the gas tlow. TotoI

iniformation will hpe used to monitor the HgBr 2density as well a s

itctand i-i--ntify impurities. A throttle valve in tnie lino will

lsfq: to) conjtrol the fraction removed. The gas then enters tne

tra'p. Mo:st of the possible contaminant will have low enough vapor

0rosaesto be effectively trapped at room temperature. This in -

2.rIn addjition to the Iqi:r2, materials like metal nalide s

ariis orsaic is n greases. it analysis of the gas flow 1

* ~ ite',low'-r temperatures are necessary, a second trap will

I~le inseres.At tnis point the gaS is retn(a3te(1 110 i

)rt tori ofie ias-er wa,-ste h(-at removed Lrv I'll( M:- in .[Ieor

to ~ Iin o ow 1op rre irqLr 2 supply cns faJ~~

* r'2 1e t re- cot rftct Hqgfr 2densi It v Inl trio 4U

Hq: r iLr. .;r Oi x is t len rt uriur C) to ' r .. t 2.

or t~or s u(-A the 1. low- luo.

r-.~~~~~ 4' - oe Ij"W r f j

iio ,~ c't , l y:f t (,,u r~pi~ ;t i I

AVCO S



FLOW LOOP,-

WI NDOWS
____ Hg Br 2

FLOW CLEAN S__ KU P PLY

CON'TROLARO
AUX, HEATER-

V 
t.

TRAPN EA

J 9160 XE

COLD 4 5chmtcofF wPu ri inCc'

/ A\

2 1

AVCO ~ -



I- %

The amouLnt of power wo ich must be, extracted form thef g s :1Ix

in the trap is appoximated ny the following expression

Qn C AT +n AllAr p HgBr2  subi

where nr and ng are the molecular flow ot argon and
Ar HgBr2

iigBr 2, respectively, C is the heat capacity of argon,
21 p

Ail is the heat of sublimination of HgBr 2 and AT is thesuul 5
temperature. If the fraction ot the flow processed is 5 x 10 ,

and the trap is kept at 300 K then the power removed from the 2.
flowing gas is 14 W. This power can be dissipated by a 150 cm2

radiator at room temperature.
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K. (.)VER tAi SYSTL'M jr',.J1I-'PI(N ANB PLPFORMANCLI

In this section wo want to (a) umariz-2 the ovora; ] r.

ilg characterist ici of IhA. laser syste., (h) summarl/e te r Z ( t

issues associate(i with long lifetime reliabiiity, and (c) relat,

the features of our design to an actual space based SLC applica-

t ion.

1. Et tic iency

In Table 11, we have listed the power consumption of each

S,.-2V~ysta., for the design operating conditions.

irst, the discharge power listed represents tne average

powur consumed by the entire pulsed power systejii in transferring a

net 10 ktw, from wall plug to the laser device terminals. At t res

ter:hinils, the laser device is projecteu dt 2 .0O e-f iciency so we

calcillate 208 W output. The power consumption figures consider

,ewer supply transformer and diode losses, charging inductor an"

storage capacitor losses, switching losses and the filament heater

requirements for the thyratron switches. Also, trigger generator

Sre included in the power consumption figure for the pulsed

rtun,'s it is a true wall plug calculation considering all in-

S ) thiS system.

'la ( seconu power in the table is the wall plug power con-

:ti ,y the pumping systems as requir(.d to proviu( cou<)i:, j ..

I) tz .t heat exchanger and the main flow. Tiese systems re

t,)r a. ,avroge (1)0 liz hut the m in loop flow is size.:i -a

: i~tt, rpu lse time (i.e., 200 liz I low capacity) . 'I'tiie- p ;.

trs and I an e t i iciencies ar(2 rated at conservative value. r
T'1111 lo)u fari ha:s been designeI to provide flow foi a conserv.,: I'.

t lusr, factor of 1.75 ano also provides the excess flow requir,,.

fur tne cathodes, gas cleanup, etc.

Tiei h ,,t e:xchanqer pressure drops and corner turning prs-

r, ;; in tne tlow-loop are hased upon accepted design cl:-

"'t io: approaches. Tnus, we believe the calculated loop pump

:,aw' r losse s represent an accurate des iqn estimate. The h(eat ox-

ch U(for cO()1ing I low powe:r calculation is hased upon accepted

,il-aicgn iithods and similariy should be an accurate estimate.

220

AVCO F V E R L T 7



Ww'i

TAL 11. TOA OE OSMTO /US

p

p.'

} ~ ~TABLE 11. TOTAL POWER CONSUMPTION 2 3/PULSE'.

(kW)

Discharge Pulse Power 11.29

Flow-Loop 1.56

E-Gun 3.59

Magnet 0.65

Injection Laser .24

Controls .2

I- TOTAL 17.53 kW

Laser Output Power 208 W

Overall Efficiency 1.19%

%

0.o
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Coo I in, f lu id pump powe r can ne significantly L t.ducea by spec i, -I

pump development not proposed liere. However, additional lnssc.

may be required to circulate the coolant to radiators on tne

spacecraft. As these powers are liable to be small, we consider

these two issues to be a wash.

The third power listed in Table 11 is the power consumed by T .

tne e-beam. This power inclunes the actual e-beam current, tre

neater losses, all foil transmission losses and the losses associ-

ate(] with the e-beam power supply and modulator. We do not in- "
cluue the power associated with the vacuum pumps, even though it -

is relatively negligible, since we feel this would not be an issue

for the space based SLC laser.

?ne fourth power consumption listed is associateu with te

superconducitng (SC) magnet. In this case we refer to a NASA de-

sign report for the projected cooling requirements for a spaced .Z-'

based 4°K refrigeration system. This reference provides a de-

sign value for the spacecraft bus power necessary to provide our

pro-ected requirement of SC cooling at 40 K.

Ihe fifth power listed in Table 11 is the power requirea for

tre narrowband oscillator. This is an overall figure based upon .'.

reasonable design estimates for this system.

We have also included an arbitrary 200 W allowance lor cu-,.'"

trols, alignment systems, etc. As these systems would be soliu

state ana inherently low loss, this seems generous.

The tot i powfer consumea by all components necessary to maKe

tiie laser work in the space based environment is 17.5 kW. In,

project-d power out is 208 W. The pro]Octed overali et ticiucy ,Is.

Beam Quality

In the proposed design narrowband lOn,' t :,, .,, : u! ,,

11(jist is; injectec( ]Into the ntil lqr u- ,1 c r :. 1.' -

30 Ils of tuie 250 n!; pulse. Provi i tl it t 1 'i'. t t r I, -

i:, at the gain maximuIlm t the f,, ,,,I I

rounl I r r1p j ra it this m x 1 W wi I I .' .a x- 1

C 1,' w'i not inc rea tu r Vt r I ,

.- ) -h
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loss. The frequency stability is thus assured throughout the

pulse. Further discussion of this is given in Appendix C.

It is possible to estimate the phase and amplitude uniform-

ity of the unstable oscillator output during the latter 200 ns of

the pulse. This is controlled by imperfection in the optics and

phase distortion in the gaseous medium. Medium distortion is dis-

cussed in Section III-E-l. As a starting point the modes of the

design point resonator have been computed using the standard in-

tegral methods. Figure 85 shows the computed (5 1 ) lowest order

mode intensity profile in the smaller transverse dimension

(4 cm). The 6 cm dimension shows smaller peak-to-peak intensity

fluctuations. Phase excursions across the mode are < + 100.

When a random phase perturbation is introduced to the reson-

ator there is a degree of multiplication of the error during the

several transits made before exit. Because the light passes

thirough different transverse positions the errors are not always

cumulative, but add in an appropriate rms fashion. A treatment

ias heen given (52) for aberrations which are uniform along the

optical axis and which are separable in the x and y coordinates.

* -; The aberration F(x,y) in the plane just before the convex feedback

mirror and in the limit of a geometric mode, is given by

# ..

F(x,y) ('xk + F'yk ) (67)', k (F xk  "".Y

k=l

wher e

tha k = effective number of optical passes of k order
aberration

51. AERL Resonator Code

52. Anan'ev, Yu.A., Soy. T. Quant. Elect. 1, No. 7, p. 565
(1972).
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,j.

1 k + M - I contocal positive branch
k (k+l) (M-l) unstable resonator

(M -1

=M mode magnification l/Vl-L c and Lc is the geometric

M output coupling' t h
F' one pass k order aberration coefficients of

x k yk onpaskh
power series expansion of abberation. The coefficients a k are

plotted in Figure 86 as a function of M and k. For our design

point M = 1.67 and the scale length for phase perturbations is

such that 2 <
. k <

. 4 applies, so we derive an aberration multiplier

of 2 from Figure 86.

At this point it is appropriate to specify the phase uni-

formity requirement to give a 10 (XDL) far field divergence. In

the first instance we consider the effect of the output mirror

obscuration on the far field pattern.

The relationship between the normalized phase error correla-

tion length (L) and the allowable peak-to-peak variation in waves

(2A/\) is given fairly well by the geometric sinusoidal approxima-

tion (drived in Section II-E-1)-

. 2A (0.78) (XDL) L

w.iere (XDL) is I and A is the amplitude ot the optical pu turb-ur.

ation (80* of energy within (XDL). Triis result fol lows from throe

•* separate treatments which give consistent results:

1. Assumption of sinusoidal poase error

2. Use of a random ph.ase error with a Gaussian distribution

L" over the aperture

3. Computer simulati on wi th s c ic I J wavtf ron t:.

by this criterion usinoq the' inticipatf(i perturbction normai-"""

ized scaie length L U. z wt. tind t he maximum Illowat)le peak-t,-

peak var iation = 1.5f wuv ;,,. ' n whon t) ) J i tii, ao'- , ra1t) 1

multi pitior of 2, we r ,qu ir, i !sinql po :;s tom ,jC i , iti , ' }.7,

w.ves.

-, . , . .' , . . . .. -.. a



12

S10

U_

0 ~

0

2~ 4

G722

G7522MODE MAGNIFICATIONM

Al- t ion m t iI I.-

2 6*

AVCO Iv

A7" .



- -. a k. * h .5.,, .-- - - - , " ',- - - .
:  ' 

. . -' .

' ai

The present design for 10 (XDL) allows the use of a centered

output coupling mirror. The effect of a centered obscuration on

the far field energy distribution (5 3 ) is shown in Figure 87. a.

Th-2The resonator design point has Lc 1-M 0.67. From Figure

87 we note that 95% of the far field energy lies within 10 (XDL)

and 90't lies within 5 (XDL)

When we fold together the effects of center obscuration and

random phase-front r ror at the exit plane, the rms addition modi-

ties the optics plus meuium homogeneity requirement downward to

-0.70 waves in a single pass. It is to be noted that the use of

" a corner ouscuration is substantially better than a center obscur-

ation ana that it snoulu be considered for the production of

4 higher juality beams, wnen they are required.

From above, both the mode phase front anu the centerec o r) -

scuration contribute appreciably < 10 (XDL) to the far field

divergence. The principle contributors to far field divergence

are medium homogeneity and optical imperfection, which between

th-,m must contribute - 0.70 waves, peak-to-peak across the reson-

ator aperture. In Section III-E, 0.55 waves have been allowed for

.. :irium inhomogenpity due to the gas flow, and the predictea phase-

.rnt distortion is rather less than this. The surface flatness
(,f t i, intracavity windows ano the laser mirrors can be asF,'

, within current polishrin technology. There are two wi:, d)W:.

1'1r t cavity (4 sun iC<) an(i two mirrors (equivaienit

r' tn winniow matrial , sapphire, can lnave good bulK op-

* -- n(i-mog neity (.- \/10 i :s selected pieces). An rms addition

ti rtn'i optics; Piia 3e rooit error = 0. 22 waves. Ttlus Is l ess

t; ;o f tht- optics nuaqet o 0 .4i waves which is alloweo after t_ -

-. wdvf :; .t iow )id <ft is renoven t rom tile total 0.70 waves (r 1s-

.. 2. a'.. ... . . .. . ..
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Thte near-f iela intensity profile has diffraction fluctua-

tions near the edges (Figure 85) , which will wash out in the far

i Id in(i in any case can h)o g reatly reduced by "softening" the

mirroc ae(e. From Section 1i1-C-I the discharge uniformity is

good to + 2U; over the, whole aperture, and this will apply to the

:, r-t jeld ,iser output, Iiven the small ailoweu phase perturba-

tionS ama the correspondinglv small angle perturbations on geo-

infetric_ rays.

us, we pr cjct tnat the ream quality requirement of 80t of

tr!,_ nea energy witnin lOX diffraction limit far-field divergence

can -e met comfortabty y the present design.

3 . Lt e ti1me

For this destc n we have aduressec several key issues in

ori.f to project the 10 lifetime required of this laser.

First, we hove aadresseo tne issue of pulsed power component

sect,,-tion rtequired to achieve 10 8 shots, with ultimate capabil-

my of If) shot'..

',. iave electei thyratrons to drive our system as these de-

v i ce are known to proviae reliaile, predictable operation for

mr.e oxceding 1I puIses in radar and other applications.

1cr . [ ther cono itions ot our propose]ci uesign we project, based upon

. .... (l , H x 10 shot litetime. Longer life, if

eces.§sary , can t)u Acnieveu via redunGancy and this is imp1i -it -it

:c otter components of tio modulator circuit are inductors ,

I (((2, -tC. o teIrat 11t uLnder no particular stress. Thus, as i

i • au, r , )w,, L ;uppl i e t, i t teir environmen t is properly con-

t 0')[ ., tr,'s' clpn)resr sho provicle many eyars ot service

" '. ,i tur for t e e-o)eam involves - 21 J,/pulse it tile

i , -, v. : 0 . l . 'TIlus th le modu L al tor cA 11 one-L1ti h of t.f di -

"Iir L" To1YI 11,AtOL Ly coup]ling it to t:i 0)-bOam via a pulse trans-

t'on ,-esnvol.tae is large, 3Uo kV, it is

K ,c.:, :.i.'f. , I s oulu not r'pre',,,,nt 1 i tetime is-suu for ttll!

AVCO 'v[ VflE T
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T , .'-,su i , I ,at.; ha nknown quest 'ns concern-ng vacuai;

it-r i,'r]. r: tr ) e r e (r y avai L abIe on a vacu umi arc-over is sinai

) 2', ,) wo i I L I', n (iamag _ to the electrodes is expected f r ,,

cuuil larc. Data e.xists for ion accelerators used in neutral te,:

injectors (Icr magnetic fusion) which indicates rapid voltage

-t ;,iot rec'o;ry )t tie or tinal operating con(iit ions when l ittl, .

&, o1,,3 is involved in an arc. Thus, while occasional "tics" may

occur, tnto system snould recover ana they should be very inre--

oot ,,n lsr l of the pulses.

Tne most oftfn mentioned concern with e-beam sustaine ais-

:!;arpJ. is survivability of "that thin foil." This concern -,

,,,ure s.< n our design in two ways. First, we indicate tnat ,x-

p),',If;ce with the Phase I cavity shows that arcs of very large -

ner ,jy do not damage the foil. This observation is consistant

'. trm many other devices at AERL where 10's of kilojoules are r,-

,:lru in an arc to the electrodes to cause collateral foil nam- '

i A, ,. As we will nave only 100 , available/pulse we anticipate no

*r 1 ;.roi,lems from arcs.

The other potential ;ource of- problems for a "thin foil" is

{ p:ressure' induced stress. The static stresses arid the tempera-

tur,_,s mnvoiven in this laser nesign lead to negligible creep for

the foil material chosen. Thus, creep is not a lifetime ins,

[)yi:u ic stresses have been calculated and shown to be wit: 7 ,
1 U

i:n,ts even when extrapolated to 10 shots.-.

fn tina t key i:sue in long d urat ion runnlnig/re , ia, i . I

t,:If, impact of igIBr and its fragments on the loop com:)onint S.-

tri, imTpact oi aiy resultin( corrosion products on ir rt A -

Darta 1s limited concerning this corrosion. However, 11, av.,

' irv '( tor the b st known materiils and anticipate thAt ttW, r, .

t i corros; ion wilt be very low. To meet the, present pro, .

,,tive, we need to reduce the buildup (A poisfons, -n the laser[ .

only a t,:ct()r of about U10 over NOSO data . The I xpf, r lii:k'i t

, ,; i(*s tt,'- d t.. . ata wa tak(en was made( ot sucI nate r a I j,;

AVCO1 7E~- T2, A
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Westinghou:;i dnita shows stain lss is a very bad actor if,

I fljB r (i iscnarges, wt, 1le platinum, quartz, glass, etc., are not.
]>~is, sinse wt ar- (ico.ignhirg with these latter materials, we be-

lieve our design approach will achieve the desired results.

:k
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APPENDIX A

BUILDUP OF LASING AND SAVINGS FROM INJECTION

1. SUPER RADIANCE

Whenever optical gain is achieved in a mediumr as a result

- Of stimulated emission, there is always an accompanying super-

raLdiceC_ consisting of amplified spontaneous emission.

it c:an be shown that the spectral radiance from such a

sopo-ralatn';medium (in the case of high gain G and of

lrqc~l ratio between population of upper and lower states of

1,,. trans~ition) cian be,- express:ed.(1

2h
B = h L,(A-1)

2

Whore 15 the volloca ty of light in the medium in which the

1<i of Lbr1i ;htness is bein;l made. Now suppose we col1ct--

. ta.powr mi tteo(: thro'ugh ain aperture of area A, and wit ...

oi t - ct.i on - imni ted :nol i d angqle 2 / A. Then the spectral

•P lected is

3
BP F A B3 2VN FRM IE.O (A-2)

I' 2. S . .DA CE.(A-3)

i:, A. , otian tm an i r, aciee 2nd edimtion, p. 29'j t
H~b~ sloo ,1~.n Wlly ,, To:,iic. , Nw York, 197/5
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Hence, in frequency interval , the power P umitted into t1",

diffraction angle (into both polarizat ions) is

I' 2 1,, (; ,:.(A-4

Around 5,000 R, h, . S'v 47 nW/R.

Hence, for the HqjBr system under discussion, the equivaler-nt

input power resulting from the spontaneous emission is 47 nW/,r.

1,jr polarization per spatial mode.

2. THE HgjBr ILO

This device will be restricted to 1 spectral width and

will he better than ten times diffraction limited (i.e., 100

spatial modes). Both polarizations will be allowed. Hence, the

e(,uivalent input power from the spontaneous emission has an upper

bound P given by

P = 9.4 'W (A-5)

sp

3. BUILDUP TIME

ThoG buildup time can be estimated by calcualting the numii,,

of round-trips of the ILO needed to build from P to P (sat-
sp sat

urat i power). A lower bound can be obtained by assuming the
I

small-signal gain of 3.8%/cm turns on instantaneously. In the

'.ar': part of the pulse cycle, the loss 0.5%/cm. The feed-

back is 36', and the length of the active medium is 6.25 cm.

[fence, the net round-trip qain G will be

= 0.36 exp (2 x 0.0375 x 62.5) = 39 (A-6)

234
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The number of round trips to build to the saturation power of

4.6 MW will then be

h" N : .n4.6 x 16

10_6) n G, 7.3 (A-7)

Since the resonator is I m long, this lives a buildup time

- 49 ns (A-8)

The actual buildup time will be longer because we have ignored

turn-on time on the pumping as well as saturation effects.

" This buildup time can be markedly reduced by injecting

power many orders in magnitude higher than the spontaneous

.*iuivalent input. To estimate the reduced value of the buildup

time, the value. of the injected power is substitued for the

11.4 _W in relation (A-7). The resultant buildup times are in-

I icat., in Table A-1.

4. ENERGY LOSS DURING BUILDUP

Suppose the total power in the active trnasverse modes is

itII',' P, either from spontaneous emission or from inlect Ion,

f: tmL var'ing excess gain q(t) is applied. Then if there

w~ri,, nt output coupling, the power would rise accordinq to

P P exp C gf(t)dt
* -_ _.)

(A- 9)

I : P C'p{'{ t ,

2 3 )
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where g is the time averaged excess gain. When the output

coupling is taken into account, this becomes

j- -

LI

rexp g - n (A-11)

-. c (L a g - ri M ) 0-

4'" The maximum power that could possibly be extracted from the "

°p.

''

medium is--
th. 

-

c L r . Zna()P (A-il)

m reato (A11 we hav

E- Pn(1

a

The; mxu powerg tat cod ossl b e t fom the

At ar P <t tat (A-14)

E]Os  E

lost c s P
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The saturating flux density will be 1.9 x 10 W/cm , so

P 4.6 MW. From relation (A-5) the equivalent input from

spontaneous emission is 9.4 ,W. Hence, if the ILO is not

injected, then the value of Elost is -0.41 J.

The value of Elost can be reduced substantially by injection, .

as illustrated in Figure A-1 which shows a plot of E vs injection.
lost

It can be seen that injection of as little as 1 mJ in a 100 ns puio "-

will save more than 0.3 J of Et.

*-i: *-.

lost'

.1 i
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INJECTED ENERGY (50 ns PULSE)
0.5j iJ 5 /J 50 /xJ 0.5 MJ 5mJ

z
~ C) .4------------ELT FOR NO INJECTION

ULJ
-

0 0

0-e-.3
Cp

0.2

-Jo

< 0.1

x

1W low 100W IKW 10 KW 100 KW
INJECTED POWER

J9 16 1

Figure A-1. Saving of Lost Energy by Injection
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APPENDIX B

DESIGN OF MASTER OSCILLATOR FOR INJECTION

The master oscillator must inject the ILO through a shared

mirror of high reflectance. It must inject a beam which 1s pre-

dominantly in the TEM mode with Gaussian spot radius of
00

-0.5 mm. A stable resonator which meets these objectives is

shown schematically in Figure 66. The Kogelnik and Li type
(1)

analysis gives the parameters that are tabulated in Fiqure

66. The 0.52 mm spot radius at the shared mirror is A suffi-

* ciently good match to ensure successful injection of the ILO.

It is anticipated that an aperture of - 1.4 mm diameter,

placed as indicated in the resonator, will allow sufficient moues

to oscillate so that the laser is not too critical in its align-

ment, and yet will give a beam quality from this oscillator that

is within two times the diffraction limit. Such details will

finally be optimized experimentally.

The expected power from this oscillator as a function of the

reflectance of the shared mirror, is plotted in Figure 67. Cuives

are included for different values of the diffraction gratinq -[ti-

ciency, and for an alternative design using only 10 cm length of

active medium.

The curves of Figure 67 are obtained using the relation

sat R-) 1 n + +B-1

1. Kogelnik, H. and Li, T., "Laser Beams and Resonators,"
Applied Optics, Vol. 5, No. 10, p. 1550, October 1966.

t....



r n ,,I t t, i he 3 arf, listed in Table %..

ia rr c)t i Irt iv e I ium i i S t,, n a s t he a rea 01 f >.

.~j ,Iun sot ~4 ni~t I i aieter) in the medium. p

1-.

TA\HiL3 b- i. PARAMIJ'TE'!NS FUP OStILLA'rOR

P AR AIM 1-7P V AL1,E

Satrto f lux density 1 x 105 /cr 2

i~e lectarcp ot sliared mirror 92% 9,%-

I :ct ic reflectance of qrait inq 70% 9016-.

oul-siynal gain 10,t/cm

OS0 s 03 %/cm

me" i u

, , ncgth of active medium 10 cm, 20 cm

* Otput flux density ----

need for a high reflectance tor the output mirror, wnic'

t~it injection mirror for the ILO, (irives the choice of re-

* *t : ncf' to 98, . A diffraction ef fgic incy o!- 80-, is the
, va for dAgod c i y obtain/ed gratinq at thic

.':'i,,t ence, from igrel67, the expected output o twi -

%,il ,,tno aout -3 kW, i.e., 0.1 :-,,y in a 0 is pulse - -.
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APPEND)IX C

* NARRON BAND HgBr LASER OPERATION

The laser bandwidth required for tne Phase II program is

1R. As a part of our Pnase I work we have demonstratedl efti-

cient energy extraction in < 1 A by using injection locking (see

Section II-A-2-o) . Therefore, we do not anticipate any problems

in meeting the present bandwidth requirements. However, for the

planned Phase III laser, a bandwidth of < 0.2 2 is required. This

J .5

* has thus far not been demonstrated. In this section we aiscuss

the physics of narrow band energy extraction relevant to HgBr

* lasers and suggest techniques by which the required Phase III

bandwidth may be attained.
27+ 2-+

The B( - X ( 2 ) lasing transition of HgBr has

been identified as preatominantly a v' = 0 - v" = 22 transition,

but no work has been done to clarify the effect of rotational fine

* % structure or isotope shift. Both are examples of inhomogeneous

pienomena which in principle could lead to detrimental effects in

P the operation of a laser amplifier designed to amplify a narrow- -

spectrum injected signal: If the injected signal interacts1

str()n(31y witn only a fraction of the nmolecular inversion the'.

.iitication of spontaneous emission may eventually lead to a

losof frequency locking. In this section we take a first louk

j the important inhomogeneities and estimate their effect on in-

J.(loni lock ing .

'S Thf, R-X is a 2<transition, a type whose rotational

t 4t- rUCtUre IS Well dOcu~mented. ()The significant

* t fjijwco-um number i,, K, tne total angular momentum

in rl i1 '. Hcuethe spin is 1/2, each K level (except K

via ;11/y npiit into 2 J levels (J = K + 1/2). The

li + 41 leads to two- hranchos a P and R branch. To

o, no rrl'* . 5) -y o.f HliBr (ori -iny s imi lar diatomic)

.4AVCO EVFRE TT
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t~uS ' , - n on w, r (|i w th :;t t i l( on lt re. ;Olut i(-)1 t- o d(tto 't t-i.c I t

t, ioiaI t in- structure', hut wt- can stil L est.imite its ma(r-itadt.-1i

Tne po.It ion (in. cc ) ot tile fine structure lines Tay be

cis(r ibed by (I)

+ 2 Bm- (AB) m2 ( -9.

,n te e Is the electronic frequency; B the ave-g (jt tre rt-e--

ioral constant. (B~ + B,.)/2 of the upper (6) and lower (X)

],.veL. %B B ,,- B u and

in = K, for the P branch

SK, +1 tor the R branc,

K = 0, 1, 2. . .

it- rotationai constant ot either elect ronic level may te"

h -2
8 2 2 (k'-."

wohere A is the r-.ujced mass (57 amu) of HgBr and r th - inter-

nuclear separation of HgBr To our knowledge r has nevtr been

mresureu, but that of a similar diatomic, HgC. , has )een measur-d
8

to be 2.2 x 10 cm We expect re to be vry nearly t

same tor ttg3r. Thus we obtain from Eq. (C-2)

I. flerzberg, G. , Diatomic Molecules (Van N)s;tr,1nd, New YotK,
L963)
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2r e e =constant (C-4)

an,! Eq. (C-2) we may now estimate tnie difference AB between rota-

tional constants to be

A= 0.02 cm- 1

(2)where we have used the vblwes (X) an187, (B) 135
-lee e

cm . Tnus we estimate that B e0.06 cm

0
The laser operates at a temperature of "500 K. In ther-

mal equilibrium the rotational-level population distribution of

the B-level is given by

-B K (K ±l)hc/kT
N (k ) (2K u+ 1) e u u u (C-5)

-l 0for B 0.05 cm and T 500 K peaks at K 60

Po4.

* lUlSimplies triat- aoout 100 upper rotational levels are signifi-

,u u. wherely popuatued Sine thies 2 lin stenth of t87, fine-structurei
trnstin ar prprinlt o e exet-h

-it~st,, of -he trniin t-epoorinlt K )

From g. (C-) we estimate that the P and R branches are about 50

Qh wide ano that they are separated by much less than their

mal equi~~~(l)irim therottoa-ee ouaindsrbto f

U -lJ

. ~ eV~n( K ., Z . 1-Jectroch. 64, 761 (1960)
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.2'1], ' ' L t A )WOI t[14 f I 11 t I t L s

-t , i, s. . , A ;L, t .r t iar t h op p i ', ,i t,

pc ) it the ao,4. -i,,).IO coilis,.n-, xtract on of,

i:;,-U [.1~o% r t .:- i I ,;o fA rotati ,i iu 1 lines could Oc di,-

.'. t v" ,.: .. r I ] t :)ns (2 A;<;3t5 Ar gas,

. x 16" 1 C.ctrors!c , 300-11s laser pulse) however, we

,1,,3 tat co i 1 W wi) 4 cor tinuo Asly u-aui Librate ts IlC J. 1

C o) , - IfI t itrO ; S , EVtfl iL all tilt-, lj.< L en or:y is c-

,I . :,xtract,d on a snaLl 1 umber o t ine-structure transitions.

. r itc is , sco on a compar ison wit1 (-,(j, for which it is

:',, f; tnut at ,i I 1ck2rouna density of 1 Amagat tlin.

, i I) r brat , n time is 7 , C. 15 ns. extr uc: 1,

', t i Ji iiu Led Letes one rotat iunal leve , wnicr is cont ln -

. , i;,teo at a r.ato!, P where f is the fractional I

L i , i; t ul t In 1n tnat Level. Extrapolating to Hgbr we exp.ct"

v i:s _ rto r 7. (ince the rotational levels are more closely S

t. n . Cof ( ) anti an f of 0. 02, hence we expect

U. TI!is rate alone should suffice to continuously

, t .nq 1 _5' t ,tational level trom which laser power is beliw:

L ' . 'TI. ,prossnce of electrons will increase R still fur-

C I r.,! IA - t ,- ,pect of eff icient single-line extriction -, 2

I I',, I . in aid(Jition, for simultaneous extraction t, t .4<

ii s 1111i 1i : i; i)lt]pliedi by trte number uat leveIs; i. Wt "-l

W I L it a 1 1 (0.2 R) spectral-wiath laser tii

. ,,5 1 (,Ve1 iS nvolved is on the order of 10.

t i: r ()ti r attent ion to the other major sourtbe of irnsw; ,-
,- io.n isotope snift. Ihe two isotopes of Br, Br,

It sotO e snift.B ,B
n , n,arly equal abundance, are responsible for the largest

I t 37 cm ) which was resolved in the spectroscopic wor r k

.. I rt, I,., u pI. 1)-y ., Lett. 23, 319 (1973).

S"h.lth , , I. , I11, ,] J. Quant b ct r . QE-9, 1070 (1,')- 3) 7
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ol. Pot. 2. The sniifts due to the 5 isotopes of Hg are about a

tactor o 5 smaller and have not been resolveo. Because of trne

large widths of the P and R branches (as discussetd above) we ,x-:-1
pect that I cm I randwidth extraction from the various molecules

containing different Hg isotopes to be possiole. From tie pres-

ently availaule information it is difficult to say wnether 1 cm

• extraction from a medium containing botn isotopes of Br willi be as

ef fcient as broadband extraction. Tnerefore, it may be necessary

to use gas containing only one isotope of Br in a device designe,

to amplify as a 1 cm spectral width signal.

Finally, we remark on an aspect whicn in our opinion is the

most likely to produce line oroadening in an amplifier: The cen-

tral frequency portion of the injected signal may strongly stu-

rate the available gain, while the spectral wings of tne iny-,cted

sinal :may see a larger (less saturated) gain. This effect could

conceivably introduce an increase by a factor of the order of 2 in

tle spectral of tne aimplified signal over tnat of the injected

S t(ght. Fortunately, this effect is easily overcome by injecting a

ignal wits a ,ipectral width narrower than that desired in the

.umplifie(l signal and/or by carefully suppressing the spectral

Wing: (A tne i nj ecteu signal .

V,
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