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- I. INTRODUCTION :
This report covers the Phase I contract performance period 4
?E 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 i
= the work began. The HgBr single pulse laser energy was scaled to "
N 10 J. ‘
-i In the course of this work we have substantially advanced y
. the kinetic understanding of the HgBr laser, and in this report we y
: present the first detailed description of the excitation mechanism y
. by direct electron impact on HgBrz.
bj From our extensive parametric studies we have identified the
o dominant kinetic processes (quenching, absorption, and attachment) ;
.‘ 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. g
- Our conclusion is that such a design is entirely feasible. The y
precise control that is possible in e-beam sustained discharges J
5: 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,
)
e
~ 13 -
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‘D II. TECHNICAL PROGRESS

A. KINETIC MODEL AND EXPERIMENTS

e 1. Introduction

An extensive range of experiments has been performed in
Y 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.
S 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

i been made of the HgBr* (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
N applied electric field and HgBr2 number density.
A The experiments were performed on two different machines.
’ The small-scale device had an e-beam entry aperture of 1 x 23 cm
A 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 I1-A-2 which deals exclu-

Lt Bl N
]

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.
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2. Small-Scale Experiments

a. Experimental Methods

The discharge chamber is shown in Fiqure 1. The e~beam vol-
tage was 125 to 150 kV and its current density was controlled by
attenuator screens in the range 0.5 A/cm2 to 2.5 A/cmz. 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

HgBr., density was varied by controlling the temperature of a

'sidiarm' 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 Q. The capacitor circuit is shown in Figqure 2
and typical waveforms are shown in Figure 3. The PFL circuit is
shown in Fiqure 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:s 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 discharge HgBr laser,(l)

Schimitschek and Celto suggested that the excitation mechanism

16
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might be a collisional dissociation of HgBr, by electrons

2
analogous to the well known photodissociation process. They did

not, however, estimate a rate constant for electronic excitation.

PAL N

S Iy 1978 Allison and Zare (2) reported absolute measurements for
ﬁ N the electronic excitation of HgBr, to give HgBr(B+X) fluores-
) .- cence, which gave a cross section ¢ < 1 x 10_20 cm2 for elec-
5 = trons between 5 and 25 eV and a peak cross section at ~ 200 eV of
E only 1 x 10'19 cmz. Because of tnese small cross sections
' ;. several later authors sought to explain HgBr laser action 1in
i - NZ/Ne mixes and Xe/Ne mixes in terms of (a) electronic energy
g Lj transfer from excited N. or rare gas species to HgBrz,(3’4)
- h or (b) recombination (5? of HgBrgg It was also suggested(6)
- - that HgBr*(B) could be formea in an attachment process producing
f 7 Br .
j our preliminary experiments showed an approximately equal
ﬁ formation etfficiency in any of the rare gas buffers Ne, Ne(l0%
; Xe), Ar, Ar (5% Xe), and mc.eover strong HgBr{(B-»X) fluorescence
. i was observed in Ar buffer at E/N values where the excitation of
- the Argon resonance levels (Ar* 3Pl, 3P2) at 11.5 eV was
extremely small. The inference was that here Ar* could not be
involved 1in the production of HgBr*(B), whether by a Penning
i

1. scrimitschek, E.J. and Celto, J.E., Optics Lett. 2 p. 65
(1978) .

b

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

. 3. Chang, K.S.F. and Burnham, K., Appl. Phys. Lett. 36, p. 397
N (1980) .

4. Nilighan, W.L., Appl. Phys. Lett. 36, p. 173 (1980).

SRS ). schimitschek, bE.J. and Celto, J.k., Appl. Phys. Lett 36, p.
- 176 (1980).

] ) 6. Degani, J., Rokni, M., and Yatsiv, 5., J. Chem. 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,

(3) had not observed any HgBr (B*X) fluorescence Y

Chang and Burnham
from HgBr2 in the presence of Ar(3P2) 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 HgBrz. X
Three candidate process were considered for this role:

i
TataTe
e 5

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

{1) Inelastic Collision :f :
" -
- * - -
HgBr2 + e - HgBr2 + e ~+ HgBr*(B) + Br + e O
(2) TIon Channel -~
+ - :
HgBr2 + e > HgBr* (B) + Br o
W
(3) Attachment N
HgBr, + e” + HgBr*(B) + Br o
.
T )
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 B 1
1
<
L

< 10 ns) which would have necessitated an Ion Channel

(Tdelay
recombination rate of ~ 100 times greater than rates typical of

o

dissociative recombination,.

We concluded that Inelastic Collision was the dominant
HgBr* (B) formation process in Argon buffers, and attempted to syn-
thesize a realistic set of HqBr2 electronic cross sections to
describe the process and allow extension of the modeling to other

gases.
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As a starting point we had available cross-section

measurements(7)

of the attachment process HgBr, + e + HgBr(x) + Br_
+
2

dipole

and also of the ionlzaton process HgBr2 + e - HgBr. + 2e . As

trial Inelastic Collision processes we chose HgBr2
allowed processes which appeared in optical absorption at
~5 eV, ~ 6.4 eV and ~ 7.9 eV. These will be discussed in turn.

5 eV Process: In optical absorption this extends(s) from
(9,10)

250 nm down to 210 nm and has been associated with the

photodissociation of HgBr2 into only non-fluorescing products,

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

(11) 1 + 1 .
to the 1 2:(3 > 1 T, transition, nearby

+ . .
Bwu and 32:lJ states are also accessible by electronic

tion 1s assigned

collision and could provide the dominant contribution to the exci-
tation cross section near 5 eV because of the relativly peaked
benavior of singlet-triplet processes near threshold. We, there-
fore, assumed that the 5 eV process peaked at 6.5 eV and had unit

vrancning to HgbBr (X) + Br.,

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

<10 nm 1n optical absorption, whicn leads to HgBr*(B) fluorescence
(8) (11) ¢

12)

with unit guantum efticilency.
o

i

Its assignation

Z‘q+ 1 E:u+ has been confirmed by a measurement(
ot tie polarization dependence of HgBr* (B) fluorescence following
photodissoclation at 193 nm. we assume that the electronlc exci-
Fat1on ¢ross-sectioun peaks at ~ 4 times the threshola energy ty

analoygy with other singlet-singlet transitions. Also, we suppose

7. wWiegand, w.J., ONK Report REU-49.4789-1 (1980 .

" Al loomt, ok, burntiam, Beoang Djeu, N., Jnen. Phys. Lett,
Thy P 249 (1Yntg .

9. Alelang, Ko, Zo Phyoo T6H, oo owmol o r1lvisy s 77 p. 1957 (19532).

il Saga, oo Trebn Jobk QRE-LS, bl 0T 119795 .
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dissociates rapidly ( >>109/5)

that in the 6.4 eV process HgBr

2
into HgBr*(B) with unit branching, by analogy with photodissocia-

tion.

7.9 eV Process: There 1s a very large process at 7.9 eV 1in
(13)

9°

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

the electron energy loss spectrum for HgBr Also at

(9 which
leads to fluorescence 1in the 270-250 nm region. Accordingly we
give thils process a singlet-singlet shape of cross section, peak-
ing four times above threshold, but with zero branching to
HgBr*(B). We shall refer to this HgBr.,* (7.9 eV) state as the

2
HgBr. 'complex' level and use it both as the terminal level of

)
dissoclative recombination ana as a reservoir for a two-step ion-
1zatlion process. As a first estimate we give the levels in the
'complex' an average 108 sec_l decay rate, with 0.5 branching
to HqBrz(X) and 0.5 to HgBr (X) + Br. Tne exact value of th.
decay rate has no influence on the laser modeling predictions.
Given this trial set of three 1nelastic processes, and using
the UTKRC attacnment and ionization cross sections a fit could be
made to odr experimental fluorescence versus E/N data. For tils
pUrpose an estaolisted Boltzmann code was used, whicn nandled
elastic, 1nelastic, 1onization and attachment processes. A tested
Seto o Argon cross Lections was employea, the only really opera-
ive o one of ownicon, tnhat for momentam transter being very
aUCarately o wmnown, It was verlitiea tnat tne coage predicted experi-
Sentoan pure Arodpritt o veloclities to better than 1Us accuracy. The
Proc Wi ot e Wi LUed Lo gl e e 1t ot data shown in
. T nagnitaae ot tte 7049 0y complex crouss sectlon was

Voarled Lnt 1l lonl At ol el e attachient at o tne ex-

-1k Z

poetle it ol roang Bt 1 oG K al Vo (tor U.B%
et A, VT e U e o X T Lunts SeCt1on was
barage o~ o Ty, cibejaent o varlation ot the
Sthaller s fla e proce s e it g il lglble witect
oncotre BN b Toni ot 1on T swat .
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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 S5 eV process) because the 6.4 eV excitation would then peak at
E/N = 6 x 10_l7 ch2 and not at the higher experimental value.

Vibration, rotation and elastic processes for HgBr., were

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

velocity for E/N > 1 x 10717 vem?. They were therefore

omitted from the cross-section set, which is shown in Figure 8,
In order to glive hetter agreement of the computed attachment rate
(Figure 28) with the Avco experiment, the UTRC attachment cross
secton was scaled up by 1.1. 7The best f.t cross-section set is
shown in Fiqure 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. 1If
these assumptions are correct, then the magnitudes are determined
to a tolerance of + 50%. However, the predictive power of the
cross-section set in HgBrz/Ar mixes 1is consilderably more accu-
rate than this, being determined by the experimental error bounds
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 i1ts maximum, and the largest process is the dissociation of
H9Br via the 5 eV channel. There is still almost a 10% argon
elastic loss in the 5 x 10-]7 1l ox 1()—16 ch2 F/N rangs of
most interest to lasing. The effect of this elastic loss becomes

apparent in Fiqure 10 where the HgBr, percentage 1s varied. The

2

formation efficiency declines at low Hanrz concentration hecause

of increasing Ar elastic loss. At the E/N for most eftficient

28
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lasing ( ~ 1 x 10—16 chz) Figure 10 shows that the effciency

of formation is predicted to optimize at ~ 0.8% HgBr which is

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

'
sect?ons 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 effliciency 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, but the gqualitative 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 be achieved in a stable discharge in neon
(Figure 13).

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

mixture is compared with experiment in Figure 15. Both theory and
experiment lie between the pure Ne and pure Ar cases, in good
qualitative agreement. However, in order to obtain this fit an

assumption had to be made concerning the effective branching ratio

from Xe* to HqBrz. Experiments have shown (3) a unit branch-
ing ratio for the process
3
Xe* ( P?) + HqBr2 » HgBr* (B) + Xe + Br
However, the branching ratio for XP*(;PI) 15 not known, nor is
the relative discharge production ratio of 3P1 to JP2 well

known. The present theoretical curves assume that only 30% of all

AVCO F v/t Kt 11
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3 3

discharge excitation ot Xe* (7P P contributes to

1! 2

. . . -17
HgBr* (B) by a process with unit branching. At E/N = 8 x 10
chz, Xe* accounts for 40% of the HgBr* (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_16 ch2 the Xe* contributes ~ 35% of the HgBr* (B) fluo-
rescence.

Because in both Ar*, 5% Xe and in Ne, 10% Xe the HgBr (B)
fluorescence 1s 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.

(. Specific Fluorescence with Different Buffer Gases

At constant e-beam current density of 0.5 A/cm2, different
buffer gas mixtures were used in the capacitor driven discharge.
The fluorescence of each mix was integrated over the stable dis-
charae duration before arcing and plotted against discharge elec-
tric field (Figure 16). These curves are a measure of the
relative lasing specific energy to be expected 1n the different
butfer gases. Althouagh the Ne, 10% N2 buffer gives the highest
potential specific energy, the relative fluorescence efficiency
(Fiaure 17) 15 five times less than for any of the rare gas huf-
terc. The poor fluorescence efficiency in Ne, 10% N2 led us to
dicscontinue work on this mix.

~. laser Performance with Different Buffers: Choice of Argon

Although the f{luorescence efficliency is very constant for
different rare gas buffer mixtures, the lasina performance and
drcocharge stabilitv are suobatantially different, Relative laser
Intrinsic officiency is shown in Table 1 for 0.8% HaRr, 1n 2
Amagat of various buffer mixes., Also included is a ].éi HgBr

in 1 Amaagat Ar data point,
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TABLFE 1.

-~ BUFFER GAS

2 Amag Ar

2 Amag Ar,
3% Xe

2 Amag Ne

2 Amag Ne,
5% Xe

1 Amag Ar

RELATIVE LASER INTRINSIC EFFICIENCY OF DIFFERENT MIXES

PERCENT HgBr )
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E/N (Vcm?)

1.1 x

1.0 x

10-16

10-16

10-17

10-17

10-17

RELATIVE
INTRINSIC EFFICIENCY

1.0

0.74
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The highest laser output energy and highest efficiency were

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

either Ar or Ne had the effect of reducing laser efficiency rather

sharply. Thilis appears to be the consequence of a Xe2 molecular
absorption at the laser wavelength, although this point was not
pursued 1n the present study.

The data for 1 Amagat Ar 1s almost identical to that for

2 Amagat Ar + 3% Xe, both showing lower efficiency and 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 fact, coupled with the relatively lower energy loading ob-
talinable in Ne ( ~ 0.5 of that in Ar) implied that in order to
achieve specific energles ot up to 2 J/f in Ne, a Ne density of
4 Amagat would be required. By contrast, Argon gives 2 J/:. at
2 Amagat.

t. Framework of Laser Kinetic Model for Argon/HqBr2

Coupled rate eguations were written for the populations of
atomic and molecular species, ions, electrons, and the spatially
averaged cavity photon flux (averaged 1n tne propagation direc-
tion). The photon equation is derived in Ref. 14. A list of the
species followed 1s given in Table 2. The populations of HgBrz
(6.4 eV) and HgBr2 (5 eV) states were assumed negligible because
of their fast relaxation 1nto products. Tne coupled equations
were solved using the Gear routine "DIFSUB" ror stiff systems,
Solution time was typleally ¢ 5 on an IBM 37040,

EXxcitation rates for the HqBr2 Processcs were computed by
a Boltzmann routine which haa been tested caretully Lot o wide
varliety ot gases against experiment and other codes, I order to
avold repetitlious calculations ot Boltzmann Lolatlons, o rate:s

table was complled tor ranges of HGir o concentiation anag o N
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. TABLE 2. LIST OF SPECIES FOLLOWED IN KINETIC MODEL
0 Ar, Ar* ’ Ar . * ' Ar+ ' Ar +
2 2
-
ol HgBr ' HgBr ,** (7.9 eV) ’ HgBr *
2 2 2
s
N HgBr(X) v 0 , HgBr (X) v = 22, HgBr (B)
Br , Br, , Br ° , electron density, photon flux
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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
and attachment rates. The errors introduced by the interpolation
were S 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

T < d (1)

where V3 is the electron drift velocity, rp is the duration of
the discharge pulse and d is the thickness of a segment. If

Eq. (l) 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.H., Hsia, J.C., Mangano, J.A., Rokni, M., J. Appl.
Phys. 50, p. 5130 (1979).
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line extraction, Section II1-A-2-0) and other work on narrow band
‘ . (15)
‘ ! operation,

“

be homogeneously broadened. As a consequence we may add the

the terminal vibrational levels are considered to

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

-
:j which represents the flux integrated over lasing wavelength. This
- will be compared to experiments which are "broadband," but it also
.x accurately represents the single wavelength behavior of the system,
) The dominant kinetic processes are shown in Figure 18. The
tﬂ experimental evidence for this scheme will be described, process

- by process, with modeling of the experiment where appropriate.

;z g. Formation Efficiency: Absolute Measurement

s The arguments for direct excitation have been given in

W Section I1I-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

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

) the transverse variation of the discharge as determined by
Lf photography. The discharge current and voltage monitors each had
an uncertainty of < 10%. The time dependence of fluorescence was

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

* derive the formation efficiency. 1In this calculation electron

o quenching of HgBr*(B) was zero (Experiment, Section II-A-2-j) and
£ quenching by HgBr2 was given the rate 2.0 x 10_lO cm3 sec—l.(16'17)
';' T g .

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

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

17. Helvajian, H. and wittig, C., Opt. Comm. 30, p. 189 (1979).
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The formation efficiency (= fluorescence power without

quenching/discharge power) was determined to be 4.5% (error + 30%)
-16

for 0.8% HgBr, in Ar at E/N = 1.2 x 10 vem, . This value

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

N N B ]

T Y S

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 I1I-A-3-d where a higher formation efficiency (6.1%)

A
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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—l 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 (Fiqure 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“l bandwidth sampled by the N

probe laser. At 2 Amagats the pressure broadening of individual Y

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

miss any very narrow high-gain line structure.

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

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

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

was found to be o . = 2.1 x 10716 om? + 35%. However, the
measured HgBr* (B) population appears to be an underestimte. Using
the more accurate formation efficiency of 6.1% (Section 1I-A-2-g)

-16 2

we obtain o = 1.6 x 10 cm® + 20% at 502 nm. f‘

SE
2) Stimulated Emission Cross Section by Other Methods

{(a) The HgBr fluorescence profile was recorded on a multi-
channel analyzer. The details of the band center pro-

file were taken from the data in Figure 21. Using
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MEASURED SMALL-SIGNAL GAIN vs WAVELENGTH
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Figure 21. Measured Small-Signal Gain Near Band Center
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where A equals spontaneous emission rate, A equals wave-
-16 2

length, we calculate the peak ¢ = 2.0 x 10 cm® + 30%.

SE
{b) The lasing buildup time is obtained from sidelight fluo-
rescence (Figure 27) and the simulation of this buildup
time from spontaneous nolise levels required Ogp = 1.6
-16 2
10 cm + 30%.

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-Kk).

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.l%/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 correlated with the discharge arc and persisted for sev-

eral tens of nsec. In a similar experiment with the PFN driven
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discharge (Fiqgure 24), arcing was suppressed by the early voltage

fall and the absorption did not increase after the discharge
pulse, but decreased to a steady value, which held for at least
700 ns.

From the above data we identifed the most probable absorbing
species as HqBr; (the dominant ion), and HgBr(X). Further
evidence on the 1ntrinsic laser efficiency as a function of e-beam
current density also confirmed the assignment of an absorption to

Hg Br It had bheen expected from the structure of HgBr that

+
5
a visible HgBr (X *A) absorption would exist. A similar process has

been predicted for Hqc:(lg)

and degrades the HgC. laser effi-
clency.

The kinetic code was run with varying absorption cross sec-
tions for the two processes, to give the theoretical curves 1in
Figures 23 and 24. ¥From this procedure, the measured absorptions

at 520 nm are

18 2

*y = 2 x 10 %nm

o(HgBr2

o (HgBr (X)) = 5 x 10729 cp?

[n our initial modeling of the lasing behavior at 502 nm, it was
assumed that the 520 nm absorptions applied. This was suggested
by the less than 30% variation of the measured absorptions from
530 to 515 nm, and, in case of the HgBr (X+A) absorption, the ex-

(18)  A11 as-

pectation that the absorption is a hroad continum,
pects of the lasing behavior are modeled reasonably well using
these absorptions. However, detailed modeling of the intrinsic
laser efficiency as a function of ce-heam current density (Section

[T-A-3-c) and also of the electrical effilciency, Section

- ol
[T-A-3-k) has led us tn use o (HQBr(X) = 3 x 10 20 cm’,
+ -1 ) )
a fMaBr_ ) = 2 x 10 8 cm? at 502 nm.
14, Julicnne, P.S., Konowslow, .., Krauss, M., Rosenkrant z,

M.bL, and Stevens, W.l., Appl. Phys, Lett o 36, no 132 (1480).
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The relative excitation curves of Fiqgqure 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)

+ e - HgBr(X) + e of KQ = 5 x lO_9 cm3 sec t. Using

the PFN driven discharge (Section II-A-2-a), the e-beam current
density was varied bhetween 0.6 A/cm2 and 2.4 A/cmz, 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 gas fill of HgBr {0.8%)

2
and Ar.

The data is shown in Fiqure 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).

Kinetic code runs for X. = 1 x 10_8 cm3/sec are shown (dashed

0 - -
curve) , giving an upper bhound on KO of 5 x 10 9 cm3 sec 1.

This result is for a tvpical operating E/N, where the char-

acteristic electron energv from the Boltzmann calculation 175 A.3 ey,

k. Lower Level Deactivation

The existence of a relatively hi1ah sideliant level saring
lasing 1is evidence for a 'bhottleneck' In the deact pvation of
HaBr* (X} v = 22, the lower laser lewvel,

In experiments with a PEN driven discharge, Slodeliaht woin

monitored as a function of e-be-am carrent en Lty Wittt W -
out lasing. The Tasimg was with 10U = 90 et Do ctag o1 o Ger o
Bave rapid pulse barldup and borab ontooec s ity 0o, Ty e
stdelight fluorescrnce with an it witbo ot Lam et qree w0 b
L6 bata whiarh choows 0 e oy e R O T .
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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

lO—12 cm3/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 + HgBr ,** followed by dissociation on a rapid
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

1/2
1076 (TGAS) cm’ sec”!

€

where TGAS is the gas temperature and ¢ is the electron charact-
eristic energy (OK). Because the characteristic energy was in
the range of 5 eV, the effective recombination rate coefficient
was ~ 1 x 10_7 cm3 sec_l. This gave the observed
attachment-dominated discharge conditions (Section I1I-A-2-n),
except possibly at the higher e-beam current densities (< 2
A/cmz), where there were indications that a slightly lower re-

combination coefficient might apply.
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m. Attzachment

| ': In principle, dissociative attachment could occur by two -
- processes i

oz (1) HgBr, + e ~ HgBr(X) + Br’ ‘~
- (2) HgBr(X) + e ~+ Hg + Br f
- However, theoretical analysis(lg) 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

) been the subiect of a number of measurements,(6'7'20)

not all 1in
agreement, sO a new measurement was undertaken in discharge condi-
tions relevant to the HgBr laser. The capacitor driven discharge

-17

was tfun at relatively low E/N (4.5 x 10 chz) and the cur-

- rent was monitored following the e-beam termination. The current
decayed exponentially and an attachment rate of 1.1 x 10-10
" cm3/sec was deduced at the operating E/N. This value was close N
S to that predicted by the Boltzmann code, using 1.1 times the UTRC -J
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-

I TN N

[ vice clear evidence emerged for a slope on the attachment rate in
R the sense that it increased with applied field, with a slope of
. ~1 in the E/N range 5 x 10717 » 7 x 1077 vem®. This is g
- seen 1in 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 HgBrz. i
4. A second attachment channel exists via an excited

:j HgBr2 state, which has been missed in the UTRC cross-

section measurement, :

Lo

19. Krauss, M., private communication.

- 20. Brooks, H.L., Sierra, R.A., Nygaard, K.J. and Fletcher, ..,
private communication.
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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 1impedance, as determined by experiments with the PFN
driven discharge. Wilithout a two-step ionization process we ob-
tained the solid lines in Figure 29. 1In 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. 1In pure Ar the measured disclharge impedance agreed
with theory to within 15%, at an e-beam current density of 0.55
A/cmz. 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 .ccurred
at a substantially lower E/N. Thils is not explicable by a single-
step 1onization 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 HgBrz** state. Because the
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 cm3/sec. (This
value is of course dependent on our assumption ot a blanket 108
sec”l decay rate for the 7.9 eV state.) With the two-step pro-

cess 1t 1s possible to cause discharge arcing at decreasing E/N as
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Figure 29. Experimental and Computed Discharge Current. Broken
curve includes two-step ionization process.
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the e-beam current density increases, in gualitative 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 1s 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
+ 20% in the 1 A/cm2 e-beam range, which is adequate for design
purposes, since either HgBr2 concentration, total pressure, or
e-beam current density may be used for "fine tuning" of the dis-
charge impedance, if necessary.

0. 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. 1In 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
104 W pulse of bandwidth AX< (0.1 & at 502 nm injected at the
beginning of the discharge the energy ratio changed 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
AN =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 witnout injection. A measure of the effect is
the decrease 1n the 1nitial sidelight level, which is due to a

hiigher 1ntracavity flux at early times.
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Evidence from this experiment and also from other work
shows that complete energy extraction will be possible on a single
line (502 nm) at very nearly the same efficiency as 1s cbserved
with two wavelength extraction. This 1s good evidence for the
rapid vibrational mixing of the terminal laser levels, which al-

8 sec’l overall

ready is thougnt to be faster than the 3 x 10
decay of the lower laser level (Section [I-A-2-k).

In conclusion, energy loss due to cavity bulldup time can ne
recovered; energy can be extracted 1n one line with little 108s 1n
efficiency; and narrow banding down to 0.2 & should not present
any problem.

p. Voltage Standoff Recovery

The flow velocity required for thne gas moving tnrocual the
discharge region is established by two critieria. One 1s the
amount of time required for the recovery of mediumm homogenelity.
The other is the distance that discharge heated gas must be moved
after each pulse so that there 1s no possibility of arcing through
this hot gas region during the next pulse. Silnce the flow power
goes up as the cube of the flow velocity, 1t 1s important to de-
termine the lower bound on the flow velocity (flush factor) set by
each of these criteria. The potential difficulty of downstream
arcing through the discharge heated gyas 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. 1In
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 Hz rep-rate, 1t 1s clear from these
experiments that when e-beam controlled discharge 18 used arcing
tnrough discharge heated gas 1s not a consideration in establisn-

ing the gas flow velocity 1n the Hglir laser system.
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b LM Device Fxperiment 3

G bummary R

An extensive range of coxpoeriments Las provided o ol aata ' .-
base for HgBr laser modeling and scalinu predictions: -2 :f

1. Discharge power has been suppllea by e ?

a) Capacitor -~ @
b) 150 ns 0.6 4 Cable TEN o
c) 300 ns 0.6 Q Catile PR o
d) 300 ns modified PPN S

2. E-beam current density has been varied from 0.5 A/cmd A

to 4 A/cmz.

3. Discharge polarity, magnetic field, Habr. density and ) '

c-beam voltage have been varied as parameters, =~ 'j

4, The laser pulse shape, encray and output spatlal dis- .

tribution have been measured. .
5. Streak photographs have beoen taken to explore the onset - i:
of arcing and 1ts dependence on the above parameters. , 5

6. The e-beam spatial deposition pattern has been measured.

The lasing performance will be discussed 1n more detail 1n i
Submedguent sections.,  Here we give the efticiency definitions and : g
summarlze the bhest lasing performance.  All data 1s with Argon B
Baffer oat 2 Amagat. N

Definitions: a o

bloctrical efficieney - Jloicf output energy o
’ energy ctored an PEN L,
.
[r*rinsic efflciency = ljj”‘f output enerday _ .!
. diccharae eneragqy during lasing
The datter definition 1o ucefal becance there is a < 10 ns delay T4
Perween diccharase power and tluorecconce power, and the fluores- }S }:
chee v el rare frelnoina anenctiins) 1s 210X IUH sec . o
TR oedectrreca bt p ey e lee v han the antrinsic eofti- }; i
g -
e o borr nr Lol s Yeaoors - .::
T O S AL Wt retween PG and discharge, ‘e 3
O S A U T U L Cor o1 eotamated to be ~
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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 1s lost during the buildup time for lasing. This

’ is typically 30 to 60 ns in the present experiments.
- 4. Enerqgy is lost if an arc prematurely terminates the dis-
g charge hefore the PFN has unloaded.
Highlights:
e 1. Maximum bFneray: 9.# 0 gt 1,9+ electrical efficiency
(3 6 ns modifrea PEN, 2,0 7.9
" 2. Maximum Inftrins:o Frtiorenosy: 1.2% at 7.0 0 (360 ne<
modi1firedr PR, Lo4d J0 0y
1, Maximum Flectrical Ffticiency: Z2.4% at 3.5 J (150 ns
PEN, (.7 079
.o Experamental Fguiprent ance Methods
The experimental scheme 15 <hown 1n Figure 31, TDetails willl
e noted under separate headinas,

. laser Cavitv: The total cavity volume was 40 5. [ts body
Wi oot stalrless steel, with —1ton and PTFE "M rings and window
aas<ets,  Two 7" fused c1llca windows were allgned accurately
rarallel vo the laser wirrors, which were plane, and mounted ex-

] ternally. All the results to bhe discunsed were taken whh a 99w
retlector and a 35% reflector at a separation of 200 cm. The rtordy
ot the cavity was heated to 4507F ang tre HrmrZ density was
st by the temperature of a "sidearm”™ reservolr.

Electrodes: "The electrade nexr to rre e-tean fo1l war
ntainless plane menh of S0% transmicsion, ana bole $512e ite s
other electrode had a Chana nrat e gesianed for o+ 1oy gnitorr e
) In electric field over a width ot 7 o, [te graterial wa a1
less steel.  Beyond o machine oy o i wit P 1uve e

- cial care was taken to ersoire 4 oy v, g $o

’ electrode roughnens Gad no et becr cr e Y . ,

even when the polarity wa. reer oo, ‘ R oo
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voltage and current were compatible with the 0.6 PFN impedance ﬁ
! and accurately calibrated charge voltage. -
™ Laser Energy Measurement: The calorimeter was a Scientech “
ff Model 36-0401, 4" thermopile used with a Model 36-4002 indicator. )
T The following methods of calibration were used: p
- 1. Use of dc substitution power to heat the 91.281
. Manganin wires embedded in the calorimeter head. The dc '
supply voltage was calibrated with an HP Model 6920B ;
i; calibrator (+ 1% traceable to NBS). A correction for ;
98% absorption in the visible was applied. The overall s
%i calibration accuracy was + 2%. .i
- 2. Pulsed substitution energy from a capacitor (known to g
;f + 5%) charged to a known voltage (+ 1%) and discharged E
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 E
. beam impinged on the calorimeter surface and no assumptions were N
. made on its spatial homogeneity. .
The laser temporal pulse shape was measured with a Hamamatsu N
.i Model R617-02 vacuum photodiode terminated into 50 and displayed ;
B on a Tektronix Model 7844 oscilloscope. g
_. Efficiency 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 g
the paralleled cables described in this section. The discharge '?
- 1mpedance dropped by approximately a factor of 2 during the pulse. 2
ﬁ: bart B refers to the use of a matched impedance line pulser, re-
ferred to here as a modified PFN, where the net result is an ex-
- tremely good average impedance match to the discharge. The present
' experiment has demonstrated that ~ 95% energy transfer can be
3 achieved from a cable eneray storage device to a typical laser :?
g discharae load where 1mpedance is talling otf, In the case of the »
.r HaBr lacer an added advantaae of keepina FAN high 1s the rela- \
fave sy drearter laor et trcorer oy ar o hiiglh FoN.
2 .
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without the modified PFN, laser intrinsic efficiliency was sub-
stantially lower 1n the second half of the pulse.

c. Laser Intrinsic Efticlency

The i1ntrinsic efficiency 1s defined 1n Section II-A-3-a,.
Flqure 34 shows the observed intrinsic etficlency as a function
E/N and e-heam current density. We note that the experimental
efficienciles lie helow the curve {(dashed li1ne) derived from the
formation efficien y as a function ot E/N (Section [1-A-2-t,
multiplied by 0.65, the energy extraction 1n the absence of at-
sorption (Section TI1-A-Z2-%). At 1ncreasing current density th
191 absorption (Section 1T7-A-J-1) reduced the 1ntrinsic eft -
crency . The v .retic oode predictions are shown an Figure 35 4

Dub® HaRr o, 1o Amaerart Aroand 4 30w retiectivity output mirreor.

Farther compater camagcatyron cergfred roart 6,30 was the optimagn
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The fractional variation was less in the 8 J » 10 J energy range
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 ngBrd in the vapor phase,

which alters the electron energy distribution and hence
the excitation efficlency of the 6.4 eV HgBr, process.

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

sorb at the laser wavelength,

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

the formation efficiincy reduces with reduced HgBr ;) .

A further, less likely, possibility is that chamber outgass-
1ng produced enough Nz to affect the formation efficliency. As
little as 0.5% N, in Ar reduced the formation efficiency by 20%
in an experiment on the small-scale device.

Contamination issues are addressed in Section III-J of the
proposed 2 J design.

f. Discharge Fnerqgy loading l.imits

Nuring the course of the 1 m experiments 1lnsiaght was aained
intn the factors aftecting energyv loading 1n HqBrz/Ar sustained
di1cscharges. Streak photography confirmed that the arcing which
limited energy loading was truly volumetric and indicatea 1ts

ie-pendence on the aniformity of e-beam deposition,

Trhe deposition uniformity will e detined as tie ratio o
deposition at the electrode furthest trom the o-beam entry toli to
trie ceposition adpacent ro o thoan fora, oM ar et 0t e -
tion, described bhelow, gove 4 anitormits of Got tar s »
inode-cathode Snagcinag and g it rmrr e et et vy -
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The energy loading for & given e-beam current and depositicn
uniformity was a weak function of either E/N in the range

5 x 10717 + g x 10—17 ch2, or HgBr, concentration in the -
range 0.4% to 1l%. This suggested the graphical presentation 1n .
Figure 38 for the experimental energy loading limits, Maximunm
energy loading occurs at ~ 2 A/cm2. The pnysical reason for

such a maximum is the rise of a two-step (np dependent) arcina
process as the e-beam increases, which oftséts tne stacility
gained by having a source-dominated lonization rate.

The discharge energy loading degraces with decreasiig deji-
1tion uniformity, but is still tolerably good at (.6, where moce
of the | m device experiments were pertormed, The majer effect o
nonunitormity 1s to cause high electric fields 1n red.ons oof Ltw
deposition, wnlch tnen nave o Lidhel 161H12a%100 Late. A e .

eieCctron denslty pecomes more unitorm, the power 1npuat to tie © i

depositlon rejlons 15 relatively increased, leadlinng to d Uwe -ty

1onlzatlon ranaway. The stredk photoGraphy Supports LS piltabe

'

Gn dies the Spatlaliy-dependent modellnyg descrived below,
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TeenLreent ot Dep ution ittty
S TR SR SRS R A Y KIS IR A E S SLAUY GRS SRR STERE |
R A SRS SRS IS U POV NP N RS I UL PR TS LRI Low Hygbr con-
. h 4 A
ot Wl et ~ R oy b Advagat A, [t

~l B S R O S RV LN TN ! Ll L e-tiedi Curleent

! \ , e tuse ol tor beenniaag 1onization from ex-
Tt ae e ot icLent b b Lt ro p1ve tame-resolved gepo-

R HEN M LM et g b e

Porcs e W e Dy phiotolabtipller tnrouagt a narrow

Tratel ot s el two oallagned pantioles whilich gave a spa-
’ Poo a0t e S i toar deposltlon volume . Vertlcal and

UL S W L dad e thirouuyghn the discharge aperture and 1so-
et 1ol contoot o o anterpolatea between data polnts.,  Care was
ke b sohiled o toe prniotomultiplier from x-rays, and a small cor-
PrUL ol wa hadse Lol Lo Teeatured eftect ot the steady applied
St o bae i o on PMT o galn.,

batn were taken for o anitorm a kG magnetic fleld case
eriiare Ay ange aluo tor o oalverglng fireld case (800 G at the
c-teeatlo entry side and 500 G oat the oppuslte electrode (Flgure 42).

The nignest discharge energy loading was actually achieved
astng tne daiverging fi1eld, for a reason connected with the self-
tredla of i discharge carrent (up to 30U G) whicnh was in a direc-
tian to clightly panct the e-beam In the discharge cell. This
cttect does not snow up In the deposltion experiment, where there
1. no discharge current.  However, 1t 1s evident in the spatial
gependence ot the laser output on applied magnetic field (Section
[1-A-3-3). bkvidently, the diverging field counteracts the pinch-
1ng eitect, to create optimuin discharge uniformity.

In general, the magnetic 1ield 1s necessary to obtain the
best overall efticiency from the sustained discharge HgBr laser,
tor the following reasons:

l. By gulding the e-beam 1nto the cell through the foil

aperture, the e-beam powet requirement 1s minimized,
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1. Modetivg ot F-bean Lejg Lot
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Usang oan e-beam depositioen e o whireh s heen dege Do
nnder anternal fuanding we o are a3 Lo preadlet denosition o an e
qond agreement wtloothe Lresent oxpeer iment The results ot aacth

compatation are Shown in Flrgore 34, which appiles to precisely oo
experimental conditions ot Fiqure 41. The same code has also
qiven excellent agreement with another well-documented deposit
exXxperiment at A0 kXY without a magnetic field.

Without aoing into detalls of the code at this polnt we
shall use 1ts results to design the maagnetic quide fields which
control the discharge volume, confident ot a deposition accurate
of better than + 10%.

J. Laser Output Spatial Protile

Photographic measurements were made of the laser output on
white screen at 2.5 m beyond the output mirror. The laser cavity
was plane-plane and produced a well-collimated beam whose intens-
1ty profile reflected the spatial distribution of discharge power
across the laser aperture. The fi1lm was calibrated for quantita-

tive intensity measurements by the use of known neutral density
filters.
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Crat e bt b Lot o oower 1noalmost com-
A T A RN ER iThe pulse dura-
t oy 1 taior hrort by . C (R i charge to develop.
It e olectrans move on v f.r4t1on of the ulscharge).
This resoalt re-em; o o © + imporcance of accurate deposi-
tion modeling (Sectiorn 0 1 snows precisely what is re-
quired to achieve an ar: - oot il ounttformity in the 2 J

deslgn,  We note that tr. i1 ooharge self-fields are ~ 100 G,
and that we are designin: . : a4 k4 guide field, so that the
e-bheam deposition is not o rectea by self-fields in that case.

k. Modeling of Anoc.--"arhode Variation in Lasing

The laser output spatiai profiles (Section I1I-A-3-3) show a
pronounced intensity variation between anode and cathode. The

cause of this is the nonunitormity of e-beam deposition, which
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all sgqreement 1s ot talned 1n toe anode-cathiode energy vartiation,

apart from the eage regions near the alectrode which sutter opti
cal losses 1n the experliment, hut not 1n the siralation. At
150 ns 1t 15 striking to note that the variation 1s much greater,
and this 19 traceable to the cubstantially taster laser buildup in
the reaion of low deposition.,

We conclude that the reasons tor the observed anode-cathode

laser variation are well understood and that the code will predict
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Figure 46. Computed Evolution of Local Preld Between Anode
and Cathode
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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
11-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. 1In order to obtain this
agreement with experiment, the formation efficiency (Section
11-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
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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 Takble 3. While the life-

8

time specificaion is 10~ shots, design solutions have always

been chosen which are compatible with an ultimate 1010 shot
lifetime.

A number of the subsystems have already been tested to a
107—108 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-1) can be stated with confidence.

It is to be noted that the pesent 200 W system ic 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 buffer when compared to Ne, Ar + 5% Xe, Ne + 10% Xe, giving
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TABLE 3. DESIGN SPECIFICATIONS -
-

@ .
o
Output Pulse Energy 2 J
..- »
5 Average PRF 100 Hz :
. Interpulse Recovery Time < 5 ms 9y
System Efficiency > 1% ’
k,: Beam Divergence (at 80% point) 10 x DL N
) Beam Uniformity + (%) 20 -
)
oA Bandwidth 0.1 nm R
. Lifetime (> 90% power) 108 shots j:
- Wavelength 450 - 510 nm f‘
i Wavelength Stability + 0.01 nm ]
Pulse-to-Pulse Intensity Jitter < (+ 10%) ::
N -
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an energy loading of up to 60 J/& 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 ags 0.6 A/cm2 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 1I-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 1I-F)
because 1t 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 o
only a modest drive power of 240 W (electrical) and was specified f_ ;
as an avalanche discharge laser of simple and rugged design. De- - g
tailed consideration was given to the mode matching between the N 3
injection oscillator and the unstable resonator. - N
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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-
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 ITI-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 I1I-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,
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 HgBrz.

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/;) 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 discharge 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
the flow power scales as (WE)3, 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 be 1.5 ¢, implying a length LA of
62.5 cm.

The dimensions of the design point laser active medium are:

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

A:
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-
senting an operating E/N = 0.9 x 10_16 chz. The deposition
uniformity is designed to bhe 0.8, as discussed in more detail be-
low. For our 1.5. discharge volume, lasing with a specific

enerqgy 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 JEB 2 0.6 A/cm2
for the requisite energy loading (at 2 Amagat). This considera- »
tion leads to the choice of JEB = 0.6 A/cm2 within the dis- ;
charge. In order to deliver 100 J in 250 ns into the chosen !
discharge geometry, the impedance must be tuned by wvarying the

2 down to 0.32%. R
The laser electrical efficiency for these conditions is N

concentration of HgBr

plotted in Fiqure 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 A
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. 3

The computed electrical efficiency of Figure 48 includes an
injected power level of 10 kW/cm2 at the beginning of the pulse,
which raises the electrical efficiency by 13%, as discussed in o
Section III-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 Figqure 49.

It is to be noted that 1 m device experimental data exists
for the conditions: JEB = 0.9 A/cmz; [HgBr2] = 0.4%; E/N =
0.9 x 107 1% vem? and deposition uniformity 0.8 (anode-cathode .
spacing 4.5 cm). In this experiment an electrical efficiency of At
1.95% was recorded at a specific energy of 1.6 J/ 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- S
file is a perfect "top hat" in the direction perpendicular to the 5

anode-cathode axis. 1In practice there is a narrow roll-off region
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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-3-1i) 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
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 discharge 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 Fiqure 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/cm2 (the result
1s very insensitive to the precise level of injection) we compute
that lasing near the cathode will be 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 31
! discussed in Section III-K. At present we note that from consid- a
. eration of the discharge power distribution alone, the intensity :f
<, is very nearly uniform from anode to cathode, but has a profile in N
» »
5 the transverse direction given on average by the "4 cm" curve of j\
- Figure 51. Apart from a slight "roll-off" in the edge 0.1 cm, the
A4
= intensity uniformity meets the + 20% V specification, insofar as by
it i1s controlled by the discharge power distribution. It is men- v
3. tioned above that only 8% of the discharge power is not accessed ﬁ‘
= by the 4 x 6 cm optical aperture. This factor reduces the elec- R
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ND. 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
discharge electrodes 1s kept uniform (+ 5%) 1in the region of the
e-beam, then the discharge enerqgy 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 1I-A-3-1) 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.

Tt 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 trom localized pressure
waves generated in the event of a constricted dishcarge arc, the
foll must he separated from the cathode by a gap. On the 1 m de-

vice a spacing of 1 cm was found to be sufficient 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. 1In the present design the discharge energy is
limited by the PFN to 100 J, so the conditions are much less se-
vere. 1In 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°C of the core flow so that the temper-
ature disturbance in the active medium is minimized (see Section
III-E).

The cathode design chosen consists of parallel 1 mm outside
diameter tubes oriented in the flow direction, spaced 1/3 cm apart
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.(zl)

In FPiqure 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-3-1) 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
\

1s Jp 15 the beam current density through the

bVep’ where Jeb
21, "Vacuum Tubes,"™ Karl R. Sprangenberg, McGraw-Hill, 1948,
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foil and Veb is the heam voltage., For the present design the ,
average power loading on the cathode by the e-beam is = 6 W/cm

on the surface of the cathode tubes. On the side facing the
anode, the cathode will be heated by the discharge. The power de-
posited by the discharge 1is a small fraction of Jdvsh' where

Jd is the discharge current density on the cathode tube surface
and Ven is the cathode sheath voltage drop. In the present de-
sign Jd ~ 120 A/cm2 and Vsh is estimated to be =~ 300 V.(22)

The average power deposited on the cathode tubes by the cathode
fall is then a fraction of 1 w/cm2. Active cooling is provided

by coolant flow in the cathode tubes to maintain their temperature
to within 0.5°C. The instantaneous su:-face temperature rise im-
mediately after the e-heam pulse can be calculated using the time-
dependent heat diffusion equation, For platinum this temperature
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
xS 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 ug/coulomb.(23) For
this application in 108 pulses at 120 A/cm2 and 250 ns pulses,
the erosion 1s estimated to be 3.0 x 10-2 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
for cathode inteqrity. Clearly, for lOlO pulse lifetime the
problem 15 more severe. The solution wll be to make the solid
lectrode the cathode., In this case the e-heam voltage will have

to be raised about 60 kV to achieve the same e-beam deposition
nniformity.,

22 "Baslc Data of Plasma Physics,” Sanborn C. Brown, the M.I.T.
Press, 1959,

ieoas Conductars, " James DL Cobine, 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 = 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

metal sputtered in lO8 pulses is given by

M =1 i 108 x 107° g/coulomb (2)

where I is the discharge current and fp is the discharge pulse
length, In this case I = 104, and Tp = 250 ns, therefore

M = 2.5 g. The total surface area of the flow loop is A = 2.7 x
105 cm2. Since the gas sees = 10 surfaces each time around

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

given by

-10 P
e

=]

1]
=
O

(3)

where p = 21 g/cm3 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 R.

The effect of such a thin coating on window transmission is negli-
gible. For 1010

shield flow at the windows may be necessary.

shot lifetime, a well-filtered boundary layer

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 qun and meter device experiments and
was found to be > 12 kV/cm. The maximum desianed discharge volt-
age on the anode is 32 kV. To allow for local field enhancement
around the current return bars ana 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. 1In this
case, with symmetric current returns, the circuit inductance is

given by

*®
o]
-(xl o>

(4)

N

where A 1s the area enclosed by the current returns and ¢ is the
length of the discharge region in the optical direction. For the
present design A = 300 cm2 and + = 62.5 cm. The inductance is
calculated to be = 15 nH., 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 desiqgn,

In order to minimize disturbance to the flow the current re-
turn bars are placed 1nside alumina tubes with the outside shaped

like airfoils. The pressure drop then is negligible,
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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 1in the 1 m device. Five
centimeter long alumina sections are used for voltage standoff.

In the laser mixture surface hrrakdown in ceramic was found not to
be a problem, so the 5 c¢m insulator length allowed should standoff
>60 kV, which 1s a factor of two greater than the maximum dis-
charge voltage used. Therefore, breakdowns in the region at the
back of the arode should not bhe 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 Q, with 5
feedthroughs, the connectors 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 moiulator design (see Section I1I1I-1I).
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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.

l. 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,

v = A [l - cos (2nNr/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 1is used to simulate separate eddies with a normalized

scale length
L =1/2 N (6)

then

v = A [l - cos <§%i] (7)
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For large wavefront errors ditfraction 1s i1gnored and only the

maximum wavefront slope 1s considered

v' o= —= (8)

The condition that this be equal to 10 times the ditfraction half-

angle for a perfect lens, yields

A _ (10) 1.22 A

LD D

12.2 A L 2A

A = - = = (0.78) (XDL) L

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 1f L = 0.1 and XDL = 1 times diffrac-

tion limit,

2A/A = 0.78 waves (10)

2. FPFlow System Design Criteria

The laser gas, which is initially at temperature 490°K and
a denslty 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 1s predominantly argon, hence the
temperature rise durilng this event at a constant volume is T2 -
TC = 62.4°C. Subsequent expansion of heated cavity gas is

accurately represented as 1sentropic, thus final pressure relaxa-

tion to amblent reduces temperature in the ratio Tf/T2 = 0.953
. (] . .
(temperatures in "K). The final excess yas temperatures 1s then
; ; o, : .
(T[ - FC) = 36.4°C after relaxation of a pressure pulse of
Strendgth (pf - p')/pc = 0.128. The 1nternal energy decrease e
[ ! P
120 R

"TAVCO EVERETT - -

AT T N N e N e e T e e T T T T e e e e T T T e T e e e e e AT e e T,
FREE) PO . T - et W T e . PR e R VRS S e e e S A . . RIS 3
,-.’,-.":\'_\2\':"'.'»'.\":‘-':t‘pl\f:\_.‘_-f'.r"if':pl'h'.C;)ﬂi}.-frjquA' [N TS O PO P A R NP SRR A S SR




A g ‘_l‘v_'hv:l

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, AW = 29.4 J/:, is distributed
partly as energy dissipation in acoustic wave attenuators and
partly as recompression work on a not gas slug as 1t cools 1n
passage through a heat exchanger. The above energy considerations
combine with cavity aimensions and pulse rate for the basis of
loop thermal conditioning described below., The pulse overpressure
combines with cavity dimensions and medium homogeneity requirments
for the basis ot acoustic attenuator design described below.

Beam quality 1s 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 Egq. (10). 1If
this distortion combines equal contributions from optics and from

cavity gas, this relates to cavity homogeneity through

2L

¢ _ "o g(2) (2°) .

57 = X 8 <p;> <‘,) 0.55 waves (11)
where "o 1s distance between cavity windows = 70 cm; N = 0.5 um;
o/pr = 2 amagats; B = 2.8 x 10‘4. Thus,

(ap/p) = 3.4 x 1074 (12)
PTP '

11 tnls ordered gyas distortion 15 budgeted equally between unco: -
related thermal ana pressure wave distortions, the medium homoge-

nelty requirement for each is

0
pPTP

1t

2.43 x 107 (13)
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Since tne ordered distortion used 1n deriving bBdg. (13) has an

assoclated scale ot 1.6 cm, tne maxlmum gradlent in density 1s

limited to

~Z <5 x 1077 cm” (14)

Tnis torm 1s most usetul 1n assessing allowed boundary layer,
ordered, thermal distortions. In ordered periodic distortions of
arbiltrary period A, beam guality constraints limit the product of

the LHS o€ Ey. (13) and Lo a constant value

L_\p_e) Ah o161l x 107 et (15)
PTP

This form 1s useful in assessing allowed, crdered, thermal ana
pressure distrubances in tne bulk flow. If thermal disturbances
of scale \ are randomly distributed in space, beam guality con-
straints confine the product of the LHS BEg. (15) and 'K7:i; to a
constant value; thus

%ﬁ vTL/2 < 1.91 x 1073 cm_l/2 (167
Thirs torm 15 useful 1n ussessing allowed thermal disturbances
carried by disorderea turbulent flow.

The active cavity length in the flow direction ig ., =

4.0 ¢ Development ot design 15 based on a minlmum interpuelse
Interval ot 5.0 ms and an assocliated flush factor of 1.75% to yield
a tlow velocity ot 14 m/sec.  The active cavity lengtn in the pump

direction r0 o bHo0 o cmy however, the full flow dimension 1s =

)
fe3h v tor teatans alsousaea deelow. The act ive cavity lufwgtn
along the optroal axis 18 6205 ¢, howoever, electrode termination
gl protect bon 0w el s o c=tee i alctate g low dimension
P e o oce oty desran flush factor, FRE o= 1,075
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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 and 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-
relation of results for use as a design tool.

7=¢c Voo (7

where geometrical parameters are defined in Figure 55; CD is the
discharge coefficient through orifices in the perforated plate;
Api/pc is the incident pressure wave strength and ¥ 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/Qm = 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
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TABLE 4.

Cavity Temperature, T,
Molecular Weight, m

Ratio of Specific Heats, ¥
Sound Speed, a.

Gas Density (2 Amagats), p

Viscosity, M ©
Minimum Interpulse Spacing
Cavity Flow Length, ff
Minimum Flush Factor, FFmin
Average Pulse Rate, PRF
Average Flush Factor, FF
Cavity Flow Velocity, u.
Reynolds Number (per meter), Re
Laser Energy Density, e
Electrical Energy Deposited in the gas,
Pulse Overpressure, Ap/p
Gas Temperature Rise After Pressre
Relaxation
Laser Cavity Dimensions .f',. p"' !
Flow Length Along Tump Direction,
Flow Length Along Optical Axis, o
Average Gas Temperature Rise
Acoustical Power Deposited iIn the

Upstream Muffler

.,
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LASER CAVITY OPERATING CONDITIONS

490°K

40 g/mole
5/3

412 m/sec

3.57 kg/m>
3.4 x 1072

5.0 ms
4.0 cm
1.75
100 pps
3.5

14 m/sec

1.47 x 10° m”

1.5 3/
71.5 J/ .
0.128
36.4°C

(04

T

Kg/ms

1

4 X 6 X 62.5 cm

7.35 cm
70 cm
7.6°C
1.1 kW
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\ :
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J9076 lm /L
Fiagure 56. Transmitted Peak Wave Strength Through Perforated

Side Wall Muffler
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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 Qm/L = 3.4. Since

" the upstream muffler length is b = 20 cm and incident wave

RN

strength 1s approximately halt the cavity pulse overpressure,
Api/pC = 0.064, Eq. (l17) provides the specification of effec-

£
e,

tive upstream muffler transparency «CD = 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
Eb~ of the incident wave, returns through the muffler and is attenu-
.ated by another factor of 0.50 according to the modeling basis for

e Figure 56. Thus, the upstream pressure wave would show a peak

i overpressure of 1.15 x lO-'4 upon reentry to the cavity. This
return pressure pulse is distributed over a length of order im/2

e = 10 cm, consequently, the product

p

i e bl 8 Al g9 x 1070 ond (18)
C M pC

" is well within the medium homogeneity requirements of Eq. (15). A

T 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

- arrangements. These considerations are discussed below.
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$. Fiow-Loon Design Approach, Arrangements and Sizing

Laser cavity operating conditions have been discussed ahove
and 10 summarized in Table 4. Medium homogenelty requirements
have also been discussed, Flow-loop desiqgn is hased on these
requirements and rthe requirements of (1) etficlent operation for
low flow pewer demand, (2) compactness for ultimate space board
application, (3) compatibility with the hot reactive laser gas en-
viraonment, and (4) reliability of loop components and perilpheral
cquinment for lona lived, maintenance-free operation. Thisgs sec-
tron addreszes the areas of thermal conditioning of the gas loop,
flow-loop pressure drop, flow power requlrements, and liquia cool-
ant loop requirements.

For reference, two section views of the laser flow-loop are
shown in Figures 57 and 53. Major flow elements are (1) muffler
and diffuser downstream from the cavity for purposes of pressure
wave attenuation and flow pressure recovery, (2) heat exchanger
for removal of deposited electrical energy and dissipated flow
power, (3} convergling transiticon to circular flow cross section,
(4 vaned carn, (5) fan and drive, (6) fan diffuser, (7) vaned
turn, (8) “iverging transition from circular to rectangular cross
cection, () velocity stabilizer to proviae uniform velocity in
tFne cavity, (10) convercing nozzle, and (11) upstream muffler.
Avranaement s, oerformance redgairements and component sizing o«
diccussea in the following sections.,

b Cavity Thermal Condltioninag Fequlrements
—_ o —— —_ R U S

Aracdients in o cavity temperature for ordered disturtances ot

tnrtafn o orersare are Lirwitea by PFaloo (14 as,

TT/T < 5 x 10 cm
119

CTT < 5L.2H0C om

Caviteyy, temrperatare nonariforpity at uniform precsure, tor oar or-

dered diaturbance of coale A, 1o limited by Pl (15) as,
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(AT/T) pop € 1261 x 1077 A (cm)

p
] (20)

- (AT) pgp S 0.079°C A (cm)
\z
- Disordered thermal disturbances of scale A are limited by Eg. (16)
e as,
3
- AT < 0.94% A Y %(cm (21)
' 5. Boundary Layer Thermal Control Requirements
o Between the velocity stabilizer and the cavity, differences
s 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-
ﬁ pendently with constraints imposed by Egs. (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
o at the entry to the upstream muffler (See Figure 57). Turbulent
! houndary layer growth along a smooth wall is given by Schlichting(24)
as
e 5(x) = 0.37 x R /7 (22)
X
A
N
. where § 1s boundary displacement thickness, x is distance from the
é{ origin and R, 1s Reynolds number based on X. At the upstream edge
of the cavityxelectrode, x = 22 cm, thus § = 0.64 cm. This value
% 1s appropriate for the solid wall, however, for the perforated
) wall a thickness of twice this value is assumed, 6p = 1.29 cm.
-~
) 24. Schlichting, H., Boundary Layer Theory, Pergamon Press,
l.ondon, 1955,
2
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The velocity variation through the boundary layer 1s gilven by N
Schlichting as, - W
RSN
1/7 <
wu = v/ (23) WS
> v _:.
o
. : . G
where v 1s distance normal to the wall. Reynold's analogy between A e
AN
velocity and temperature variations in the boundary layer provides ::
the approximation tj :ﬁ
(y) - ic N u. - u(y) ) d: ;?
T - T - u N
'Y C C :
S
where Ty is the uniform wall temperature. Temperature gradient o
ic related to (y/é) through Egs. (23) and (24) as
ar o Tw " Te aw 0 Tw T e (25)
dy u ay = 7 e
Y c 7 75 v/6)%
I
e
Fquation (25) when constrained by Eq. (19), indicates that a por- :}
fion of the boundary layer near the wall will not contribute to - -
~ .
useful laser energy extraction and this portion grows with in- o —ﬁ
creasing (Tw - TC). Equations (19) and (25) combine to give - R
the extent of unuseable boundary layer flow as . _f
_ R
Y Tw = T 7 S
5 1.756 (26) .
L9 W
[ %
Faguation (26) is plotted in FPigure 59 for boundary layer thickness .
at laser cavity entry. The solid flow channel wall may be held to -
. . ¢
within 6.5°C of the cavity gas temperature without difficulty, .

thus indicating a lost portion in useable channel flow of 0.25% cm.
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[ Howeve v, the discharage carhode will stand oft by 1.0 cm from thi- )
#2321l tor reasons discussed 1 the next section. Thus, even this -
sxelasion 1s ot no consequence.  The pertorated wall must he hela N
th owithin 0.67C of the cavity gas temperature if we wish to ~
limit the rejected portion ot the houndary layer to 0.25 cm. This Lj
rav be achievead only if uctive coo ing is provided in the backing _
volume of the upctream maffler, where as much as 1100 W of acous- :?
tical eneray may be deposited.
Furthermore, boundary layer suction is proposed 1mmediately ;g
upstream from the discnarge anode to further reduce this ordered -
honndary layer temperature aradient. A portion 0.25 c¢cm 1in heiaht K
will be roemoved by the slit conduit showr in igure 60, This ro-
coviel of 200 of the boundary layer thicknes: will essentially re- -
Soart tre turbulent boundary laver, although disordered turhulence ’
trop the current boundary layver will survive. This disordered .
Sarbalence may carry temperature variation as large as ('[‘w - :
dooo 0.6% . on a scale order of the remaining boundary laver
Yriconess = 100 or. Equation (21) shows that this flow region )
abantles cavity medium homogenetity requirements,
7. Urcatment of Foil and Discharge Flectrodes o
Jarious heating contributors and loads to foll, discharqge E
it hode and discharge anode are listed in Table 5. The foil will
vecessed 1.0 em behind the discharge cathode to prevent tol! )
t9iare In the event of arcing. The cathnde will be constructe:d
i orowW ot cooling tuhbes so that main channel gas flow will carry )
ve s beatea gas between foll and cathode. In this confilguration
ohearana of the gas 1S not an issue for cavity medium homo- S
popeity, oo attention 13 here focused on the cathode. :
Cthede tubes of 1.0 mm ontside diameter are spaced at 3.3 Ff
centers, Tabe ends are curved into coolant flow headers ac
oot Yaare G, Stralght tuhe cegments paraliel to the | low
e arde Do long and bioandary lavers grow along outsides of
Poaee tabees ra g trickaness ot o~ 103 mmoat mid-span, 1.e., at she ,
Brero ol the locer cavity, Tube Meatainag ocenrs mainly over the -
134 o
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AR S, HEATING LOADS ON FOITL, AND DISCHARGE ELECTRODES

Mlement Soarce Heating lLoad

Foil: E-Beam 0.72 wW/cm? = 180 w

nDischarge Cathode: E-Beam 2.73 W/cmz = hk3 W
Discharge 0.5 W/emd = 25 w
Gas Convective Cooling 47 W

Total 855 W

Nischarge Anodes I'-Beam 1.10 w/em = 276 o
Discharge 0.5 W/em? = 125 W
Gas Convective Cooling 47 W

Total 44y
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central 4.C cm of =pan where e-beam and discharge are active. For

tlat wall boundary lavers Eq. (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 hetween 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
Y Tw ) Tc e
P W (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,

This requirement has influence on design of the liquid side of the
cathode tubes.

The discharge anode with upstream boundary layer suction is
shown in Fiqure 60, If a turbulent boundary layer 1is startea at
the suction slit, its thickness at electrode center is, § =
0.15 cm. If the entire renewed boundary layer is excluded from
the laser cavity the allowed anode wall temperature excess 1is

given by FEqg. (26),
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Temperature uniformity in the anode will be 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 1n
Figure 60. If coolant channels are spaced at intervals, w, and
are of diameter, d, the wall temperature variation is gquadratic

between channels with the form

- ' = .i - 2
T (x) 79 Skt (hx x7) (30)
where g is anode heat flux = 1.79 W/cmz; k 1s anode thermal con-

ductivity which for copper is 3.77 W/cmoC; and x is distance
from a coolant tube. The maximum temperature difference is at

mid-span, x = h/2,

2
- - 9
Tm TQ 8k

m;:r
(S)
p—

I1f channel spacing is 1.0 cm the temperature uniformity require-
ment FEg. (29) is satisfied by Eqg. (31) for a coolant passage dia-
meter of 0.23 cm.

7. Heat Exchanger Performance 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.

The heat exchanger 1is potentially a major contributor to
flow-loop power requirements but this is somewhat alleviated by
increasing the flow entry area as for example in Figqure 57. Heat
exchanger effectiveness is controlled primarily by the ratio of
flow length to a transverse characteristic dimension, hydraulic
diameter. Pressure drop, (pi-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,
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P.-pP 2 T.-T
1 “e : 2/3 1w
———— = f e - s —
. T 4f 5 N P A (32)
o =P U h e "w -,
‘s 2 m -
-
N bAY
Y . , , L Y
g where p is gas density; u. 1s average gas speed at the minimum -
i~
g neat exchanger flow cross section; % is heat exchanger length in
“ — . . ':
AN the flow direction {;
el
N
- 4A v
P"-\. f -.',-
& = __F -~
dh y (33)
w
. is the hydraulic diameter; Ae is the minimum flow cross section:
i‘ Aw 1s heat exchanger surface area; Pr is Prandtl number =

cpu/k. Heat exchanger effectiveness, S, is a measure of the de-
gree of equilibration of the gas to wall temperature, Tw' in

transit through the heat exchanger,

’I'i - Tw
S = —— (34)

Te T
{-_ The friction factor f is weakly dependent on Reynolds number in
. turbulent flow. The heat exchanger efficiency, in terms of effec-
e tiveness per unit power expenditure at fixed flow conditions, is
- , -1 . .
v: proportional to N °, which is also weakly dependent on Reynolds
. number. This parameter N has a value of 2.0 in Reynolds analogy

between heat transfer and pressure drop for unseparated flow,

therefore this value 1s viewed here as ideal lower limit.

o~ Flow power 1s given as

p.) (35)
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where V is the volumetric flow rate = u.A ;u. is HX entry
flow speed and Ai is the entry flow cross section. It is con-

venient to combine Egs. (32) and (35) in the following arrangement,

2

A
. _ P
P = V3 A 2 < E (-5 P3/3) fn S (36)

where ¢ is the ratio Af/Ai and AC is flow cross section in

the laser cavity. The term (N/a)2 is primarily controlled by
heat exchanger geometry and to a weaker extent by Reynolds number,
P _2/3
(5 Py
cees that a fixed flow rate, V, cavity area AC and fixed HX ef-

and the term ) is a property of the gas. 1In this form one

fectiveness, S, the flow power is proportional to the product of

AC N 2
aeometrical features .

A. o
1

A comparison of three types of heat exchangers was made on
the basis of this product: (1) fin/tube, (2) staggered, bare,
(25) In the hot

9 laser, special atten-

round tubes, and (3) aligned, flattened tubes.
chemical reactive environment of the HgBr
tion must be given to soldering, brazing and degree of complexity
of geometrical forms. Since these three types of heat exchangers
are fabricated with a minimum amount of soldering or brazing, and
since they are assemhled from preformed flat and cylindrical
stock, they appear well suited to the present application. On the
basis of effectiveness, S, the fin tube heat exchangers are pre-
terred, provided their fabrication features are compatible with
the laser environment. If the fin tube class were not compatible
with the laser environment, flattened tubes, which are of much
cimpler construction, may be a reasonable alternative if accom-

nanled by increased inlet area. For present design consideration

Gl

3. Kays and London, Compact Heat Exchangers, McGraw Hill, New
York, 1965,
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5 N

the fin tube unit 8.0-3/8 T125] 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 exlit the heat exchanger at TC + 6°C and TC - 6OC, re-
spectively, the the average wall temperature and HX effectiveness
can be simply calculated as, T, = TC - 9% and 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 fiqure 61.

8. Flow Conditioning

Flow-1loop desian is based on (1) efficient operation for low
power demand, (2 cornactness for ultimate space based application,
(3) compatibility with the hot reactive laser gas environment, and
(4) relianllity of loop components and peripheral equipment for
Long lived, maintenance free operation., The loop design must, of
course, satisfy the cavity medium homogeneity requirements Aiscun-
sed previously. Design was carried out in an iterative fashion to
arrive at a balance 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 Fiqgure S7.

Cavity geometry and flow conditions of Table 4 provide a

flow rate and cavity dynamic head of
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Figure 61. Gas and Liquid Average Temperature vs Distance
Throuagh tho Heat Exchanger
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it is useful at the outset to estimate the magnitude of flow-l1o00p .

.

power 1n relation to overall device nower requirements. For this E

purpose consider a fan efficiency of ne = 70%, an electric mutor -

efficiency of nm = B85% and a mechanical transmission (i.e., ;

bearing and seal efficlency) ny,F G« . Then, for each flow-...p )

prescure drop of one cavity savnamic head, the fan electricai power _:

required is <€

p - '7;1 ’7“"1 n{:l Vo= 470w (1H]) x

0f the total avatilable power o 0 W&, one-half 1s given to the .ﬁ

dAi1scharge. If 20+ ot *fhe remainina 10 kW 15 given to all acpects ’

of the flow-lonop, the “atal (o0 pressure drop should be sately di- o

siagned to less than three cavity o namic heads. With care 1» de- -

sign of critical compunents the compact flow-loop of Figure 13 -

compatible with this goal, and benece 1t provides a fair bal. - R
between tlow etficloencs and sysosn compactness.,

a. avity Diftuoer Decigo criteria
The cavity dittaser 1o ineorporated 1n the downstrean -

fler as shown in Fignre © 7, I* nerves the purpose of partio. R

recovery of cavaty dyramis orenoare and of providing impr oo - té

formity tn fiow dastribution to cre entry of a heat exchanger of i

larae area ratyo, “HK = Al/ﬂ_ d.0. The prrforated dit- SH

fucer wall diverages foon the down freqn odge of the discra @

tNode s St LT atarront ac i 0 e soe of tne S5ol1ad o wallor i‘

bogin whero Showrn in Frogare o) :{
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- . . O .
The perforated wall divergence angle 1s 3.5, which 1. =1
cotablished value for malintenance of attached flow in conventional
Aiffusers. The region of performance of this diffuser 1s stown 1n

(26)

the performance map of Reneau, et al., which is presented

here as Fiqure 62. The ratio of downstream muffler length M to
cavity length in the pump direction Zp is 6.0. Boundary laycr
suction at the upstream edge of the anode was discussed above as a
means of maximizing the utilization of the discharge region for
laser enerqgy extraction. The renewed boundary layer growth
reaches a displacement thickness of 0.3 cm at the diffuser inlet,
to provide the ratio 6/2p = 0.04. The two lines a-a in Fiqure
A2 show that the boundary of the zone for flow attachment depends
on this ratio and the design point is well within this zone.
Tests which formed the basis of Fiqure 62 showed little sensitiv-
ity to Reynolds number over a range of from 1.5 x lO3 to 5 «
104 based on the length ip. These results, therefore, appear
valid for the present case where Re = 105.

The area ratio of flow exit to inlet, for the perforate
wall segment is 1.37. Pressure recovery through this diffuser 1is

obtained by interpolation of measurements by Reneau, et al.,<d6)

as

where p, is diffuser exit static pressure, and P and 9, are
cavity static and dynamic pressures. If one assumes the tota’
loss of surviving dynamic pressure at the diffuser exit, one ob-

tains a stagnation pressure loss

26. Reneau, I..R., Johnston, J.P., Kline, S.J., "Performinc. .and
Design of Straight, Two-Dimensional Diffusers," Journ. of
Basic FEnqg., March, 1967,
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= +1=1-C_= 0.6 (40)

This loss may be 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 uniformitv is
ilso the motive in inclusion of splitter plates, and in the tail-
oring of entry fins, and in the inclusion of divergence in the
=0l1d flow channel wall as shown in Figure 57.

The above basilis for diffuser design and the predicted per-
formance may appear conservative. However, this system has the
nncommon features of (1) perforated diffuser wall, (Z) periodic
preencirs transients resultinag from cavity pressure relaxation, and
‘iy o large and unsymmetrical flow 1mpedance immediately down-
ctream from the dittuser,  Por these reasons it 1s proposed that
fredaTinary test o air be conducted to determine the flow per-

e b e ittt ser and teat exchanaer,
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The desiqgn entry area is four times the cavity flow cross

section, DHX = 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 TIZS] and the selected effectiveness S = 3 in Eq.
(34).
g d. u u 2
Ap _ ap ™M 1 _ Ap RLU.
q 9. 4g9. g 1 2 u u
c m i c 5P u i c
(41)
éE: a) ‘2= 8°8=
a —E_lp uz (o DHX) D2 0.55
2 m HX

The length of the heat exchanger in the flow direction is obtained

from Eq. (32) as

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-sactional area is selected to be twice
the cavity flow cross section, D = 2. This choice is based aqgain
on 1lterative design with selection based on a balance between loop
compactness and flow power. This transition is followed by a
vaned turn as shown 1n Figure 57. Vanes are inserted to control
fine scale mixing as Adiscussed i1n Section I1I-E-8-b and also to

provide uniform flow to the drivina fan. At the low operating

Reynolds number of 4.4 x 104 based on vane chord, flow separa-
tion 1s anticipated, hence vancs will contribute little to gain in
pressure recovery through the turn., <con :qguaently, the pressure
loss through the subsequent varnecda turn, 1.e., each predicted to

equal one local dvnamic head,
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RYCRRY L (Y e L (43) .
qc g qc qc D2 .
N
The contracting transition suffers little head loss so it is EE
simply included with return leg wall losses. Wall losses are es- )
timated on the basis of fully developed pipe flow with a diameter ?
of 36 cm, a Reynolds number of 2.6 X lO5 and a length of 2.0 m -
AP, D1 0.11 =
— = 4f = —= = = 0.03 (44)
e d 02 D2 -
The diverging transition contalns splitter plates to provide :?
a nuiform distribution of flow to the plenum located upstream from
the veloclty stabilizer. These splitter plates serve to provide R
nniform entry conditions to the velocity stabilizer but do not aldg -
in pressure recovery through the transition. Consequently, one "
entry dynamic head is assumed to be lost in this transition .
A—p?:—l':o.zs (45)
e D2 =
A. Fan and Fan Diffuser =
A ospecific fan selectlon cannot be made until a detailied i
“yoren design is completed. For present flow power considerations 35 .
a vvane~-axial fan of ~ 30 cm (12 in.) diameter may be fabricated *o o &
reet present flow rate and pressure head requirements with an as- i- &
seciated fan efficiency of e = 70%. I1mmiform flow entry is pro- 3':;
7ided by vanes In the upstream turn followed by a straight flow <
songtnoof ore blade diameter and a slight flare at the fan entry. o :ﬁ
Fffi~ient fan operation requires that it he followed by a fan Aif- » ;&

e, It the fan 1nlet area is 63% of the approach area in the
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circular duct as in Fiqure 57, the entry dynamic pressure is 2.5 T

times that of the approach flow K

L% "y

o 1 :::::

. = = — = . Y

:{ a4 2.5q 2.5qC D2 0 63qc (46) Y,

f'.\-

- 3

- For reference it is noted that with no fan diffuser one may suffer 3)

- stagnation pressure loss of (.63 cavity dynamic heads. A diffuser .

s divergence total angle of 5.5° was chosen for the outer diffuser -

- wall, and a nocelle taper of 4.90 was chosen with an abrupt .

ﬁ— truncation at the entry to the downstream turn (see Figure 57). ﬁ:

This configuration is appropriate to maintenance of attached flow ;C

:? and one may conservatively estimate the diffuser head loss at 40% o
1}

of the fan inlet dynamic pressure, i.e., >0

NS

ap L

e}

= 0.4

i- i S

. iy
O or =
.-4' d-.-
phe

m aAp AP, g,
B o) C .0 R
. — = o) R G 1.5_ = 0.25 (47)
1c i 9 9 D* O
©. Velocity Stabilizer o

A flow impedance 1is inserted at the upstream end of the con-

verging nozzle tor purposes of suppressing large-scale turbulence g
", and providinag flow to the cavity with uniform velocity. This is C
. o
v indicated at a heat exchanger in Figure 57 so that it may provide s
.. fine scale control, if necessary, to cavity temperature level and }i
o uniformity. For present purposes it may be viewed simply as an -
) impedance which introduces a pressure loss of three entry dynamic 'ﬂf
- ) _._'
) heads, o
v;~;
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cAavity,

!
e Dy

This

s the {low

is also the

filow-1oop power.,

f.

Nozzle,

nozzle

area

area ratio between stabilizer

ratio,

which

{(48)

inlet and

1s chosen as

"pstream Muffler and Boundary Layer Suction

Tre n
rario egual
S lenath q
vhothe

nezzle

Thi1s nozzle geometry provides sufficliently rapid expansion

ozzle 15
the
s 3/4.

to area

arc insignificant.

ratio of 2.5.

The ratio of

junction complete the desian specification.

exit.

Head loss

He ad

formed by the arcs of two circles of radius
inlet height

Parallel entry and exit flow and arc tangency

losses

in the up-

assuming smooth wall boundary

and rough wall boundary layer

too restart the boundary layer at 1ts
stream muffler 1s determined by
taver gqrowth on the solid walls
irowth along the perforated wall, or
A = m
;B =4 0.0 = 4
1 b0y
r T
. > 0
Jd.oo= 02 : =
i (- )
p &
CLo= 0.7 08
f
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where & is the smooth wall displacement thickness at the cavity '_j
_. cathode, given in Section III-E-5 as 0.64 cm. Thus, A
-, NG
..
o, .
- e
- A - 9,06 (50) 7
9. )
x
r:',
A portion of the boundary layer from the upstream muffler N
e . 1 13 . 3 N
:\ wall will be removed to maximize the utilization of electrically :
.
* heated gas in contrihuting to laser energy. This removed gas, )
o which is 3.5% of the total cavity flow, is drawn to the fan inlet 5
ph .
o by the existing static nressure drop. Power required to achieve .
‘“ this is thus a fixed portion, 3.5%, of the total fan power and ap- 3
v pears as a multiplier IeL T 1.035 in the final determination of [
. power requirements, "
' g. Summary =
Loop stagnation pressure losses are summarized in Table 6 in ';
i forms with unspecified values of heat exchanger, return leg, and
N velocity stalbilizer area ratios, and in forms with design values o
- of 4.0, 2.0 and 2.5, respectively. Small losses to return leg ‘j:::
walls and upstream muffier have been omitted. A scaling relation :.-
- is seen to result -._
AP ::.
: % . 0.6 ; 8.8 ; 40, 3.0 (51) -
. q(‘ D2 02 D2 .
) B HX VS
i This relation was developed early in the design study and was used S
to provide the balanced design of component losses shown in the )
o =
v table. [
The design total stagration pressure loss ::'_
-
= - -;‘-
ApP,/q. 2.63 (53) N
AVCO | v T T o




TABLE 6. ELEMENTS OF FLOW-~LOOP STAGNATION PRESSURE LOSS

APo/dc APo/dc¢

Diffuser 0.6 0.60
Heat Exchanger 8.8 Déi 0.55
vaned Turns (2) 2.0 D~2 0.50
Fxnansion Transition 1.0 p-2 0.25
Fan Diffuser 1.0 D72 0.25
velocity Stabilizer 3.0 D;é 0.48

Total 2.63
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combines with Eg. (38) tor a determination of loop power

_ -1 -1 _-1°7 AP,
P= e My T V9, —Ez BL (53)
where o = 1.035 as discussed in Section III-E-8-f, Practical

BL
efficiencies for fan, drive train and motor are 70%, 90% and 85%,

respectively. The design value for electric power demand to drive

the flow-1loop is then,

P = 1.29 kW (54)

Additional power requirements to drive the liquid coolant loop are

discussed below.

9. Fan and Drive Train Requirements

The design loop pressure drop of Eq. (52) is referenced to
cavilty pressure by

q

AP . 3
5 (55)

K
ola
Il
R
[NST IR
X
[¥]
1]
()
N
w
=

C

Operating conditions given in Table 4 provide a cavity Mach number

MC = 0.034 and volumetric flow rate V = 0.746 m3/sec. Thus,

é% - 2.5 x 1073 (56)

These nperating requirements are referenced to ambient condition

and standard bpalish operating units for fan design as

Yoo 1580 ofm (cubic feet per minute) (57)
A = 1.0 in., w (inches of water) (58)
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Operating speed regime may be obtained from the following

pertormance correlation ..

.
R - gy M (59) R
p t G
R
where K is the fraction of peak head at which blade stall occurs Z
and Mt is blade tip Mach number. A choice of K =0.05 and Eqg. - )
{(56) provide a tip Mach number from Eg. (59) and a tip speed from o
the laser gas sound speed of 412 m/sec. )
Mt = 0.173 u, = 71.3 m/sec (60)
1f the blade disc outside diameter is 30 c¢m the corresponding ro- .
tational speed 1s -
f = 4540 rpm (60)
Specific fan selection cannot be made until flow-loop desian f;
is finalized. However, fabrication of vane-axial fans for mili- .
tary and space application predict a fan efficiency in excess of .
704 for the above operating conditions,. -
10. Ligquid Coolant Loop Design )
Silicone heat transfer fluids meet present operating temper- "
ature requirements and easily meet current space application life-
time requirements when operated in the absence of air. They are O
1lsno very compatible with all conventional materials used in cool- . ﬁ:
ant loops. Candidate materials are Dow-Corning products - i
SY I, THERM -444 and DCS550. Analysis here is based on the pro- ﬁ'
perties of type 444 fluid. R :a
The coolant loop is designed to remove total electrical N 5&
nower deposited in the gas and in the structure as well as flow . JE
power dissipated in the flow loop. Total dissipated power from - ;3
olectron gun, discharge and flow dissipation are listed in Table 7. - :ﬁ
13
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TABLE 7. HEAT LOAD SOURCES AND DISTRIBUTION

<,

S
SOURCES
X
- E-Beam Pe = 2.25 kW
~ Discharge Pq = 9.50 kW
‘-': Flow Pg = 1.00 kW
Total Py = 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
o Total 12.75 kW
| External Heat Exchanger 12.30 kw
‘:
o8
-7
-
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This deposited power will be removed bv cooling at varinus
locations in amounts listed in Table 7. Component locations are
shown 1n Flgure 57 with exception of the upstream muffler HX ana
external HX. Wwall temperature requirements for wvarious elements,
discussed 1in Section T1II-E-4, have varying tolerances which are
best met by independent element flow and temperature control as
shown schematically in Figqure 63.

Cathode and anode wall temperature constraints demand accu-
rate liquld temperature control, This will be accomplished with
recervolr (sump) whose temperature will be controlled bv wall
<cooling and requlated 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-
ature to the anode as compared to the cathode will be accomplished
Lyoanode supply line cooling.

The upstream muffler wall must be held to within 0.6°C of
ca2vilty temperature. The muffler heat exchanger will be located in
the muffler backing volume, hence ligquid temperature control is
rore relaxed. Wall temperature control will be achieved by regu-
lated liguid flow rate based on wall temperature monitoring.

The loop heat exchanger will have regulated liquid flow and
~avity gas temperature will he the control monitor. The external
hent exchanaer will be air cooled in the breadboad design. e
mirall fan reguired 1s not considered in the power budget since 1
17t replaced by radiation cooling the space application.

"ump power requlirements for the liguid demand of each ele-
ment have heen computed on the hasis of flow demands and specific
s lement geometries, Geometric details of elements have been dis-
cussed in Section TT11-E-4.  The major power demand is the cooling
»f tre discharge cathode tubes. This is a reslt of the load re-
vsiremente, the AT constraint and the small tube inside diameter
ot L 070 em oover the 4.0 cm long region of e-beam operation. A
low vaiue of pump etficiency of 33% is anticipated since flow

croratrlainag 1o the basis of temperature control, Drive motors of
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such small power demand are realistically expected to have it -
cilencies of ~ 75%. The design liquid loop electrical power r-

| gquirements are

P =7 nr;x68.5w=274w P

1. Flow-Loop Design Summary

Al lowed phase errors at the output aperture have beoen .-
seecsset for specified laser targeting requirements. These aliow -
~rrors have been budgeted equally between optics distortions a-.1d
cavivy mediam inhomogeneities. Cavity medium inhomogeneities were
Fudaeted egually between thermal distortions and pressure wauve
itstortions. Flow-loop thermal conditions and pressure wave z.n-
sresslion deslgns were carrlied out on this basis. Predicted ovor-
a1l cavity inhomogeneities are 64% of that budgeted to meet
nerformance requirements. This implies that the optical axis ray,
Lo sooled up by a factor of 2.5 while stil)! remaining within tne

Liowed budget.
In addition to cavity medium homogeneity requirements and

wice performance requirements, the flow-loop design approach ad-

iresses (1) efficlient operation for low power demand, (2) comr .ct-

rens for ultimate space based application, (3) compatibility .

IR
e

tore hot reactive laser gas environment, and (4) reliabilty of e

3
/
LAV
Y

~orponents and peripheral equipment for long lived, maintenanc- -

“roe operation. -

Flow-loop electrical power demand for the considered com;.ow S

1nom design is predicted to bhe L
:: .
pf = 1.29 kw /(w.‘) :J“

.

~° .
lL1auid coolant flow power 1s conservatively predicted to be R
., '_‘
S
. s
.r:
=
o
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PQ = 0.27 kW (63)

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-

dicted to require a total flow power which is ~ 20% of that for

the discharge.
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B GPUTOCS AND ITRNOECTION LASER
1. Approach
The system must have a cpectral width ot < ) 2, averags
power of 200 W, beam quality better than 10 times the diffraction
limit, and efficiency > l%. A free runnina HgBr laser has a sprc-

trai wiatn ol about 6 R, hence spectral control i1s necessary. The

tream quality requirement dictates the use of an unstable resonator.

an unstable resonator generally has energy moving outwards
frain 1ts axis in such a way that the light cannot be collimated
hott iirections. The anqular diversity that occurs in such de-
vices makes the normal frequency selective devices impractical.
Tne problem might be solved by using a ring resonator with uniai-
1ett1epal flow of energy; but that approach is rejecuved because oF
o ooxtra complication and loss of efficiency.

A practical system can be confiqured either as a Master Os-
cillator followed by a Power Amplifier (MOPA), or as a master o5-
~1:lator fellowed by an Injection TLocked Oscillator (ILO). The

approach has two major advantages. Firstly, the injected
~iioe mav be much shorter than the final output pulse, and sec-
ol comucn higher amplification is available by this route. The
success of the injection approach does rely on the medium having
Sulficlent homogeneous broadening.  Results of the injection ex-
periments during Phase 1 ot this program (see Section II-A-2-0)
confirm the homngeneous broadening. The approach has been proven
toooa1ve nilah amplification without sacrifice of beam quality,

(27-29)

utirer oo wilde variety of active media. It has been

7. Gibson, A.J. and Thomas, 1., "Injection-Locking of a
Flashlamp-Pumped Dye Laser Without Longitudinal Mode Match-

ing," J. Phys. D: Appl. Phys. (Great Britain, Vol. I, p,
1,59, 1978,

T Pacala, T.J. and Christensen, C.P.,, "Control of XeF lLaser
Output by Pulse Injection” Appl. Phys. Lett. 36 (8), p. 6.0,
April 1980,

29, Buczek, V.J., Frelberqg, Robert J. and Skolnick, M.l.., "la:
Injection Locking: Proc. TIEEE Vol. 61 No. 10 p. 1411,
Sectober 1973,

TAVECO ¢ Vi Fa

({-’1'1'-



~IR

I." :' R

RN

wit’, o resualting increase in output energy.

demonstrated to work well when injecting unstable resonators.
The 1niection reduces the bulldup time of the injected oscillator
(32) A few watts of

1N jected power are ample to give good spectral locking of the type

byt laser propnsed, but the discussion of the next section will

demonstrate rhe decsirability of injecting considerably more power

from this master oscillator, to reduce buildup time in the ILO.

2. PResonator for the Injection Locked Oscillator (ILO)

Anailyslis of the laser cavity trade-offs leads to choice of
an unstable resonator of length 1 m, and transverse dimensions of
6 by 4 cm. The active medium will bhe 62.5 cm long by 6 by 4 cm.
The requirements are met by the confocal unstable resonator shown
schematically 1in Figure 64. It has a magnification ratio of 1.67
and a corresponding feedback of 36%. 1t 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 1 A spectral width, would exceed 50 ns. It is shown that in-
jJection 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
savings in buildup time and consequential increase in output or
the laser, for various values of injected power, are listed in

Table A-1 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.

o
—
.

Goldhar, 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.

32. J. Goldhar, J., Rapoport, W.R. and Murray, J., "An Injection
l.ocked Unstable Resonator Rare-Gas Halide Discharge Laser of
Narrow Linewidth and High Spatial Quality," IEEE Journal of
Quantum FElectronics Vol. QE-16, No. 2, February 1980.
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et ve.  The asystem can be regarded as behaving like

Theo injectlon nust span the critical time during the punping

o ie when the gain tirst appears and the translient bulidup com-

Lighe injected before this time, or after, will be 1nef-
multipass

a
sveroamniifier ammediately after the injection.  The beam qoality

e initlal output 1s doirinated by the beam quality of anv »or-

i af the injected light that sufficiently matches the mod«-

o ure of the unstable resonator to survive in the resonat.:

e v owrth ta e amplifieda to high level before exiting.,  oer-

atter the teedback will take over as the source of the lasing, ana

peomade characteristics of the unstable resonator will impreass
ceemrolves more and more strongly. At this point any further 1n-
con1on will he insignificant compared with the energy alrea-
,1laring 1n the resonator.

Cne mlght gquestion whether the optical lengths of the

“anter-oscllilator and the ILO should be precisely matched, so thna-

v tongitudinal modes are correspondingly matched in frequency.
coaritndinal intermode frequency interval for these resonators

Lo GeeoLoout 150 MHz, hence there will be about 500 such moades

oL .arina. If the resonators are not closely matched, there

UL e asverlap bhetween a sufficient number of these modes for

. .o bul o ingection.  However there is a more important ocon o f-
1o e lping us, 1n that the round trip gain of the ILO 1= sul-

Sl tigih Jduring the transient bulldup time that the rooonant

ot o5 oot the TLO wlll not have a significant filtering action

e mrgected longitudinal modes during that portion of the

T rescnant properties of the TLO will become important

-

thothe cycle when the active medium goes into saturation and
rertoronnd trin gain becomes unity, because only at that time
‘oo laxes in the successive passes have nearly equal inten-
c toat o roe ankerference effects bhecome significant.  In
e worn, the lonagrtudinal matching 1s not a problem.
can b ewerer the angected Tight mast have the required

st aracterasrien foroaarviving many passes of the ILO and

1 Rd

.
A

’

AN

T l"

PR

s
r"s
Lo

[

>

Pl A s

a ‘I ‘I.

.
ety

e s 28
v

LI W

. .
),

PR
o

»
e .

-'..R,'.".

»

. \- AR



<

0
5 A

v %

e

then emerging with tne required beam auality. This problem will
be addressed in the next section.

3. Injection Interface

The TLO will be injected through a coupling mirror that 1s
shared between the master cscillator and the 110, for maximum ef-
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 1is that the
light traveling in opposite directions does 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 dl.(32)

They have developed a recipe for ensuring satisfactory spatial
mode matching when injecting an unstable resonator frcm a stable
resonator using a shared mirror. Giver that the mode of the
stable resonatocr has to have its wavefront match the surface of
the shared mirror, the recipe requires choosing the size of the
injected spot 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 loaxing
and near diffraction limited cutput from the injected laser.

Wren this -ecipe 15 applied to the proposed resonator o
Figure 64, it yields an optimum spot radius w, for the lowest or-
der Gaussian mode of the stable resonator at the shared mirror, to
pe 0.4Y mm. We have analvzed the subsequent evolution of such a
fundamental mode, after injection, using the Kogelnik and Li for-

(33)

mulation for the propagation of such a mode. The bheam was

33, Kogeinik, H. and Li, 1., "Laser Bears and Resonators," Ap-
plied Optics., vVol. 5, No. 10, p. 1550, October 1966.
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tracked after repeated bounces from the opposling mirrors ant o, ot
reached a radius where it would exit from the unstable reconator.,

The result 1s plotted as the lowest curve 1n Figure 66, Tie rotin

tted against the spot radius w for the propagating oear

7

w.'R 1s plo
at rhe succescsive interactions with the mirror that is in che exir
piane. This ratio w/R 1s the semi-angle of the geometric diver-
qence of the beam, For comparison, the semi-angle of the aitirac-
T1one Limlit, A/2w, 1S plotted as a dashed line that appears
1mirenilately above the first plot. 1t is clear that a Gaussian
beeam o injected throuah the shared mirror with a fundamertali spct
ra1das of 0.49 mm will indeed successtully inject the laser and
renult o 1noan output beam that is very nearly diffraction limitecd.

Also plotted in Figure A6 are the results of a similar anal-
vaieo of beams that are 1njected through the shared mirror witi
Cardamental Gaussian spot radil of 2 ana 0.2 mm. It can be seen
rnat, although these have greater divergence than in the optimum
tiraation, they will still emerge with less than 5 times diffrac-
_ton limited dlivergence., The additional plot for a 5 mm Gaussian
radline injected spot shows that it will have divergence approach-
ing 20 times the diffractive limit. It is clear that, while 2
radius of about 0.5 mm is ideal, a factor of two either way 1s not
too critical in this application, but a greater mismatch shoal i b
1roided,

The above analysls shows that 1f a fundamental Gaulolan oo be
oo oabout 0.5 mm ospot radius 1s injected as described during the
critical time when the gain is first appearing, then 1t will moxe
multiple passes in the resonator, growing on each pass by the maa-
rification ratio, until it emerges with much the same heam gaality
a5 that with which 1t entered (assuming no medium distortions). A
aiatier order mode entering at the same place and with, 1ts wavo-
rent o matched to the same shared mirror, mast lirewilse mateh, ti.
Same wavefront curvature on the opposing mirrct, and hence can g
e cted to o oexpand in the same manner ., Tt however wilil ctart wish

d larger dilametor and hence will make 4 Peaser nambier Gl 1o e

1¢ 6

AVCO

S e -, T T L N : L PO i .
Lt e D L . aa e LT . .
. 2 pte RN T I AR R K .o
al B d e g o p P LN L T A S . T . U R SR S

1

an

4

(L s
AN

“ .
. @

PAPE

L N e |
- 7
4

2§

L@ e



Saf Lo LA Gh LA Sl ol Sal 0l b bl ¢

1Y
98
'
- .M
‘ z
_-f
r::
102
. T \ T { T 7 1 1 1 L] 1 1 1 1 A
- - - :\
\ NG
N = ’o\ RESONATOR LENGTH=Im -
> A Mzl 67 N
“w .
o N\ S
» A\ .
'- _3'\ .
10 r— 2
b - .
r.’ —
—
<.
o
19 4

(RADIANS)
o,

B s S B R A

GEOMETRIC '/2 ANGLE DIVERGENCE W/R OF BEAM LEAVING CONCAVE MIRROR

=
10 k-
-
. -
- I
F
; |
‘ -
- .
e
0
SPOT RADIUS OF TEM,, GAUSSIAN MODE AT CONCAVE MIRROR
19163 ON SUCESSIVE BOUNCES (mm)
e
&
_ A o
Fraaure owh. o Drvergencn b Injected Gaussian TME Modeo as o
N - + RN QO ‘o
1t Propagates 1n 110 o

'

R |
L ‘.'.’.(
et
ala’s Bﬁg‘j”

167

AVCO EVERETT o

.
l.v »
PP
Setet e

. 3 » .
Py




| L AR e e AL A L N N A A

-

T NN N RN ALY '{‘

[

boetore 1t exits., Hence 1t will see less gain and be discriminated
against. It follows that the light that first emerges from the v
inijected oscillator will have a higher proportion of the energy in
the lower order mode than that which was injected. Subsequently -
the nspatial filterinag action of the feedback mechanism will come

inte play, and the output will become more and more dominated by

the characteristics of the unstable resonator (see Section I1I-k).

4. Master Oscillator for Injection

Foss

It now remains to design a suitable oscillator for providing

the iniection signal, having as its output mirror the shared one

[}

el

of 3 m radius of curvature. It should have a Gaussian fundamental
mode of ~ 0.5 mm spot radius at this mirror.

A stable resonator which meets these objectives 1s shown :
schematically in Figure 67. The Kogelnik and Li type analy-
gis(33) gives the parameters that are tabulated in Figure 67.
The .52 mm spot radius at the shared mirror is a sufficiently
good match to ensure successful injection, as shown in the pre- T
ceeding section. Further details of the design are discussed in
Appendix B.

1t 1is anticipated that an aperture of ~ 1.4 mm diameter, s
ri1aced as indicated in the resonator, will allow sufficient modes
o osclllate so that the laser is not too critical in its align-
ment, and vet will give a beam quality from this oscillator that

Wwithin two times the diffraction limit. Such details wili

finally he ontimized experimentally.

Spectral Control

A diffraction grating will have adequate spectral selectiv-
ity ta ensure a width of <1 R. 1t will use a substrate of Corn-

v BLE or Schott Zerodur, which both have temperature expansion ! Py

. -8 ,0 ., . .
cettierent of ~ 3 x 10 /0, This will ensure spectral sta- . i
ot avzer g temperature range > +/- 1000 C, It will need adqd- s

motment capabllity with a precision ana stability of 2 arc sec to

e to o bhe center of the HgBr line, and rhen maintaln the tunindg

B |

il within 0.1 R, The development to spectral widths ot 0.2 A
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Figure 67. Proposed Master Oscillator for Injection ILO

(Schematic)

169

AVCO EVERETT

4 o s>
K45 N

,,,
.4¥3J

K? 3%

.‘l'\:‘
l..'. ('

v ﬂn".f ~:

i

..-.
. (";
o T T T Y

~ LT,
a
3.
_¥

DI

A S

e

l‘ :
ke

LACT AN

r"' ‘,‘
Q¢



or less (Appendix C) can be done either with a diffraction gratina
at o higher angle ot incidence or with an intracavity etalon. A
cuiltable etalon would have a spacing of about 1 mm, ‘Trade-otfs in
the selection will involve efficiency, stability and ease of con-
*rol. The technology for the spectral control is well developed
within AERL as a result of the extensive experience over a period
of 1IN years with the JNAI program for isotope separation, where
spectral widths and absolute wavelength accuracy of < 0.02 % have
=en routinely achieved, with corresponding stability.

6. Choice of Shared Mirror between Resonators

There is a conflict between desiring a high reflectance for
thi1s mirror to reduce leakage of lasing light from the unstable
resonator, and desiring a lower reflectance to increuse the offi-
~l1erncy of the injecting laser.

Commercilally avallable diffraction gratings have only 80%
gquaranteed absolute diffraction efficiency at the wavelength of
000 X. When higher efficiencies are cited they invariably turn
out. to be "relative" wvalues, or for the infrared. This drives the
optimum reflectance for the output mirror (which 1s this shared
mirror) to < 90%, as illustrated by the curve of Figqure 68, which
lots the anticipated output power of the oscillator versus the
re flectance. Diffraction gratings with higher efficlency arc
within the state of the art. However 1t is questionable whether
“reeoamall oincrease 1n overall etficiency of the system would war-
rant much effort in tnis direction,

It 15 technically feasihble to design the mirror with ..
reflectance locally in the region of the injection, and higher re-
flectance elsewhere. However analysis shows that the gain to be
achieved 1n the overall output, compared with best optimization
with a uniform mirror, would be only 2%. Hence the additional
rink to the beam quality, and the complication, is not justified.

The trade-oft in selection of the mirror reflectance is
teasily influenced by the relationship between injected power and

resnitant Increase in efficiency of the unstable resonator, which
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12 ashown in Flgure 65, The data from Table 8 and Figure 65 are
combined 1n a plot 'A' of Figure 69, to show the increase of ILO
officiency 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 obtalned from the Jdifference, and shows the net effi-
ciency increase of the TLO, fcom the injection, as a function of
the shared mirror reflectance. A choice of 98% is sufficiently
~lose to optimum, and will increase the output of the system by
13%, a5 a result of the injection.

Higher reflectance than 98%, while giving a little more ef-
ficiency, would be unwise bhecause scatter and absorption losses
ana problems would then start becoming significant.

The combination of spectral control and added efficiency
that come from the 110 apprrnach makes 1t very attractive for this
application.

7. Injection Laser

ror cvstem simplicity we choose an avalanche discharge laser
ilar to that buirlt at NOSC.(34) However 1n the place of UV
preronrzation we woula use corona discharge preionization using o

corona bar" bhehind one of the discharge electrodes. This tech-

i1 tias worked well with small discharge pumped rare gas-hai- e
(a1 ‘ , -
SAeere, ) [t has the advantage of not requiring spark source.
oo s e difficult to make for long life operation.

cy

e laner small-signal gain and pulselength is expected to

oo 1vaiiar to those of the NOSC device. In this case to achieve
+ 0 oaqain tor 7% ns pulselength, a mixture of Ne/N2 HgBr2

wril o te uted with a4 diccharge energy input of 100 J/f. For the

ceeritred Yo% Lox 1 em gain volume the input power will be 200 W

S tooy, T, prilvate communication.,

. Filke, OO private communication.
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at 100 pps. Allowing for an electrical circuilt efticiency ot 0.8
the power consumed by the injection laser will be 240 w.

The flow required for the injection laser can be taken from
the main flow loop. The flow required will be of order of 1% of
the main flow and will be neglected here.
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G. F-BEAM

o 1. Design Approach and Rationale
w5 The operating parameters of the e-beam are listed in Table 8.
§ In this section, we will first discuss the general approach of the
e-beam design, in view of the overall device requirements. This
;g? will be followed by a more detailed description of our preliminary
design of the e-beam system, including two main options for elec-
:i trical pulsing.
= The important elements of the design are:
- ) Thermionic Dispenser Cathode
o ® Bakeable Vacuum System
e M Conduction Cooled Titanium Foil Window
Y e Grid Switched dc or Externally Pulsed High Voltage
‘ Options. T
%; The rationale for these choices are as follows: ;2:
- Thermionic Dispenser Cathode was chosen as the most viable Zi;
i candidate for achieving a broad area uniform emission of 2 A/cm2 ::
N for the required 108 pulses, being scalable to 1010 pulses and e
. lifetimes of several times 10% hrs. Near term requirements can l;i
o be met and exceeded based on already demonstrated cathode perform- 3;
ance, including verified heater power consumption of < 6 W/cmz. i
N Rakeahle Yacuum System has been incorporated into the d-+sign RS
' nf the e-gun to ensure reliable activation and efficient cathode i%
‘f« performance, A base vacuum of < 1077 torr, and < 10’ steady-~ i:
state vacauam under e-beam operation is considered as a realistic o
? design anal. This can be achieved using standard high-vacuum
- tecnnoiogs with o1l-free pumps, all metal seals and ceramic bush-
o inge with a bak-out capability of 350°C.  Further reduction of -
?' outgassing can be achileved by eolectron bombardment cleanup, if j
.- Neees55ary . “}".
:b Corduction oo ed Titanium Window is selected to provide ??
‘ long life under cyclic stresses as required fcr the present appli- :;
‘;“ cation.  The relatitvely modest foil loading of ~ 2 W/cm2 can be :
‘ fandled by a pare titantam foil, but increased heat conductivity
:f.: 15 achieved by coating the fouol with a thin layer of copper.
17
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TABLE 8. E-BEAM DESIGN PARAMETERS .'.-
Voltage 300 kv =
Emission Density (Cathode) 2 A/cm?
Current Density (Gas) 1 A/cm? S
Pulse Duration 0.25 us .
Rise, Fall, Droop max 10% i
Area 250 cm? N :;'
Total Current (Gas) 250 A »
Impedance 1200 @ f -
Pulse Energy 20 J . f
rev. Rate 100 Hz CHNG
i
hverage Power 2000 w < o
T 8 N, N
Life 10° pulses b
o
v o
@
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ot Swaitoore iooand Bxrernally pulsed High-Voltage Options

& ar+ considered s twd nossinle alternatives for powering the A

. Smioeam. Few o comnanents o be congidered are the step-up trans- DN
! -. .'~ M
' forTel ragelres Tor tne oxternal pulsing, and the graded bushing T
B .\‘-.

Foo wre a5 cwireoed avvtreacth., The oreliminary design of the i

- UL Stroactiare oo b Lot Lot tor elther method, being conserva-

vively sizea for do o woltage svanaoff, Selection of externally :
: pultzed Sigh o vaoltgge wouoly, however, allow a more compact design of f{f
N R .
- ToooF-oun Design Description
' X A, Jaciam
Troe vacaum chamecer for o the e-gun 1S a cylindrical vessel
with nemlspherlosl enas. as sehown 1n Fiaure 70, It has two large
nopeninas for the o1l system and the negative high-voltage termi- i
s Ral porrs o artaching pumnps and gages. The chamber is a vessel f;?
o
) pnder external yressire, and toerefore, 1s liable to failure due :f?
Sooelactio et ity In view of the discontinuous structure o
created o0 le Garge cutouts the shell 1s designed with a big :}ﬂ
- safety tacro o suokizns.  The chamber is constructed of stain- :%:
- S
= : Steel o ana ases metal seal: 1n accordance with standard high- jxj
VAT Rechno o0, practice., P
' nerie st e Cnambier Wwill he ground and volished v o : :

BEROoT! maitace 2o vder o omindaize both electrical stress and

= Vit iy ool o tarasniir 5o by oa Diversey dAlp process whiion -
- Clee cL. i oar vhe surtace sad produces a finish simi- '.

cooelesr sz, The gvaerage »lectric field at 300 KU g :

SR oy ar sttt tne nedgative terminal of 33wV /em.
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Figure 70. E-Gun Schematic Drawing \E
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The cathode

and is indirec:ly

forms one wall of a copper liquid cooled bhox,

heated by tungsten filaments. The 4 cm x 62.5 cm

dispenser cathode assembly consists of modular blocks as shown in
Figure 71. Tae heaters ar= operated at 1400°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 nave
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-
gi1de the bushing. Thils coaxial line will be made to carry heater
power, contronl power and coolant connections inside the inner con-
ifuctor as required. Also, inside the bushing a high impedance
trading recsistor chain must be provided for dc operation. If
oaleed operation is adopted, the bushing will be capacitively
wlf-gqrading ana no resistor chain will be necessary. The inte-

cus of the bushing will be filled with SF, at a few atmosphores

6
cre oTure to omake its veltage capability at least as good as the
«ouum o nide. It i3 assumed that the coaxial line and grading re-
*rt wlll be removed during bakeout.

‘. Pumping Bakeout and System

“re reqguired base vacuum of < 10_9 torr will pe achieved
0 ooti-free pumping system, metallic seals throughout,
“o akeout at 350°C.  The roughing systen will consist
e pump and cryogenic absorption pumps. Valves and
rrovided to control and monitor the system. The es-
pesd based on o~ lO—ll torr E/sec/cm2 outgas-

1o~ 200 !/sec, which can be provided hy an
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Fimure 71, Dispenser Cathode Assembly schematic
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. ion pump of standard type. This pumping capacity should also bhe
e sufficient to handle the anticipated gas load due to surface de-

sorption by electron bombardment and be able to maintain a steady-

ALY

state background level of < 1077 torr during e-beam operation,
assuming a desorption coefficient of about 10—2 molecules/

electron.

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.
e The baking temperature of 350°C is consistent with the tempera-
ture capabilities of all components including the foil support
A cstructure,

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-

v meter circular holes and a geometrical transmission factor of

~ 50%. Considering the size and operating conditions of this de-
.‘ vice the proposed foil system is designed to »nrovide simple and
effective cooling and adequate fatigue life,

Tne foil material, Ti-6Al1-4V, has excellent strength in the
remperature range the foil will experience. 1Its fatigue strength
and notch sensitivity are well known at this time and the use of
. annealed material provides a significant degree of ductility which
will atlow the fo1l of yield to accommodate possible imperfections
in the machining of the support plate.

The support plate will be made of beryllium-copper 10 alloy
to secure a combination of good structural strength at operating
remperature and high thermal conductivity to permit a simple cool-

ing system. An equilateral triangular hole layout will be used to

maximize the open area of the foil structure.

1. E-Beam Pulsed Power

The pulsed power needed tor e-beam operation, see Table 8,
15 mcdest in terms of energy per pulse and average power, however,
the 000 J/pulse must be delivered in An approximately square pulse

of 0.2% ue duration at 300 kV with high efficiency. It is also
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required that the power supply and its components has long life
expectancy, at least 108 pulses, and a deygree of reliability
consistent with other subsystems 1n order to meet the overall sys-
tems reliability specification. It is logical to examine the
total reliability of the power supply and e-qun 1in view of the
nossible 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
damage, and ability to recover from arcing. The critical compo-
nents in terms of survivability is the high-voltage bushing and
the foll. The bushing must have dc grading and should not be de-
signed 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 KC or LC charged capacitor that has to store ~ 5 times the
pulse energy or ~ 100 J at 300 kV to limit the droop to ~ 10%.
Punise 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
nalse duration.

b. External High-Voltage Pulsing

Compared to the grid switched dc e-qun, the short pulse
lenath 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
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is also typical of high power klystrons and commercial pulse modu-
lators exist that are designed for 2 lO9 pulses. The main dif-
ference between this application and typical klystron tubes 1is
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 Reguirement

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
cathode for the design vacuum conditions, is 2.7 W/cm2 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 cm2 cathode would therefore be 1.3 kWw.

This makes the overall power requirement for the e-beam system

3.8 kW.
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t. MAGNETIC FIELD DESITGN

1. Tield Reguirement

In the present design a magnetic field 1s used to guide and
confine the e-beam from the e-gun cathode through the e-qun grid,
e-gun anode, foil support structures and active laser volume. The
guide field =zerves the following functions:

Firstly, the magnetic field prevents beam spreading in the
zctive volume due to scattering from the foil and laser medium.
This improves the e-beam energy deposition uniformity both along
the e-beam and transverse to the e-beam. It also allows for
rharper edge definition of the discharge so that less discharge
»neray 15 wasted in the weakly pumped fringe regions where nc use-
31 lTaser energy 1s extracted. These issues have been addressed
ir Section IIT-C.  For this the field strength should be maximized.

Secondly, it prevents pinching of the e-beam due to a trans-
verne nelf-magnetic field produced by the discharge which would

rivrwise constrict the discharge, and lead to a highly nonuniform
rae encrgy disposition.  For this the applied field needs to
v, sreater than the discharge self-field.,

1o, the present design we have chosen a field intensity of

SRR I1s 1s a compromise between keeplng the magnetic stresses
troe t1eld coll from being excessive and the desire to have
iroer edqge Jefinition on the discharge volume. Witn this fiela
Lt bheam ertcering by self-magnetic field of the e-beam 1is

aerirmible 1n the e-gun and beam pinching in the discharge is neg-

Trie size of the field coil was chosen to be 120 x 70 c¢cm mea-
surer on the center of the winding. This allows the magnet to be
convenlently fitted around the e-gun and also produces a field
with 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 reglon., The loop center was

1% em oabove the center of the discharge region, (2 direction)
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! + 60 cm long (X direction) and + 35 cm wide (Y or flow direction), ]
- see Figure 72. It was found that 3.62 x 105 A-turns are re- :‘_:
L:-', 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 be obtained by direct proportion, )
2. Field Uniformity o
Table 9 gives data for the field uniformity in the dischar:.
; region. Tne origin of the X, Y, Z coordinates is the center of
the discharge region, (Figure 72) 15 cm below the plane of the
:—‘_:f current loop. BZ is the field in the Z or principal direction.
] B, /B, is the ratio of the field at right angles to B, to
;-". its principal value. We are particularly interested in the mag- :-_".'
' netic field in the gas flow or X-direction hecause this determine . |
the divergence of the beam in the Y-direction. The ratio of Bx :j'.-
to BZ 1s shown in the last column. This table shows that the
) greatest spreading of the B-field is in the Y-direction, amounti: <
. to about 7.5% of the principal field. However, in the important
X-direction, the spreading is only of the order of one-half per- ’
cent or less, :‘_:E
3. Colil Design \,
! The overriding consideration in designing a magnet coil - @
- the conservation of electric power. For this reason, the oni; :
. o1l that could be seriously considered (s a superconductinag - ...
N 1 which the praincipal use of electric power is for refrigera-
. tion. A permanent magnet could not he chosen for this applicat: [
- because of the large magnetizing force required, Also, coil co: \‘
figqurations which include windings on both sides of the discharg::
:;;: reqdlion are consldered to be quite impractical in view of (a) the \~
) increased refrigeration which 15 roughly proportional to the nun
::_' ber of coil unite and (b) the large intercoil compressive forces
- that would have to bhe taken through the dewar insulation and ,-::.
- across the gas duct, This would further increase the required 1. - :‘:‘
frigeration pecause ot heat leaks in the structures supporting t:.
. co1ls, and would greatly complicate the construction of the aas
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( ' TABLE 9. CALCULATED FIELD INTENSITIES .:'
he4 ‘j
N X y z Bz
h cm cm cm (103 g) By /By By/By
e 0 0 0 4.00 0 0
e -4 3.65 0 0
4 4.32 0 0
X 0 2.5 0 4.00 -0.045 0
-4 3.65 -0.051 0
» 4 4.33 -0.037 0
: 20 0 0 4.12 -0.079 0
_ -4 3.64 -0.098 0
. 4 4.47 -0.060 0
20 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 9 4.27 ~0.157 0
-4 3.80 -0.189 0
4 4.71 ~0.122 0
- :0 2.5 0 4.27 -0.160 0.005
-4 3.80 -0.192 0.005
4 4.72 -0.124 0.005
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flow duct. On the other hand, a simple superconducting loop can
I” ‘~
provide the required maagnetic field with only a small amount of L
-
refrigeration, and no reaction forces on external objects provided I
i AR
that they are nonmagnetic. e o
A typical superconducting coll assembly 1s shown in Figure 7 3. - .
Details of the design could, of course, be left to the coil manu- o
facturer. However, this figure i1llustrates some of the considera- :?
: . : . . . . . SR
tiong that determine the coil size and the required refrigeration. N
The surerconductor, may be clther rioblum-titanium, or niobilum- ¢
tin, both commercially available materials. Niobium tin has the ;' e
advantage that it can operate at a higher temperature and there- T
fore usees less refrigeration power. lHowever, both types of super- Al
conductor can be accommodated without straining the state of the ,
art and without exceeding 1 kW of power, “ oo
e --!
. . . . . . o) 0 RS
A niobilum-titanium coll operating between 4.2 and 4.5 s
in a bath of liquid helium is chosen for illustration. Consider A
that the soild has a cross section of 6.5 x 6.5 cm and an ampere
[ v :
rurn value of 3.6 x 10’ so taat a 4,000 G field would be ob- )
tained in the laser discharge region. The peak magnetic field at R
tne surface of the conductor bundle is given by .
nl u T
B = — -_‘.
max 4D "
: o . ] . . . 2 @
where 1D 1s the height of a square winding. With nI = 3.6 x 10 , Sl
N _ . 4 N . L
B 10 1.79 x 10" G. This 1s a reasonable and consecrvative S
peak tield for a superconductor. The windings are subjected to an ) o
internal compression of 2.0 atm, well w~ithin the capability of eoed
common ingulating materials and common zuperconducting wires.
Therefore, the winding can be layer built with porous glass cloth o
nsed as 1nterlayer insulation and for the distribution of liquid B
helium in the windings. The conductor itself can be insulated o
with formvar or similar material. -
N
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It is important to choosec a fine wire so that the current .
e turn is small. in this illustrative desiqgn, the wire chosen *
i3 niobium 46% titanium and a copper to superconductor ratio of ,i
1:1. The wire diameter is 0.020 in. and the current supplied 1is -
200 4. At a neak field of 20,000 G, this conductor can carry —
266 A and therefore it is conservatively loaded. The overall :
packing factor in the coil is 0.065 which is extremely low and .
rerefore there 1o ample room for interlayer insulation. The rea- ;;
son thit so low a current is chosen is because the principle
zaurce of heat to the supperconducting coil is the power generated i
.t trne teads that conduct current to the coil. In a space envi- N
ronment., the upper terminal of the leads could be fixed at the B
temperature of the dewar radiation shield, ~ 80°K and the lower
rerminal at 4.2°K. Under these conditions, the heat generated B
noa o pair of sultably designed leads is 0.0015 W/A (this is half f
tne power generated for leads operating from 4° to 3007,
frat, wikr 200 A, G.3 W 1s generated merely in the power leads,
4. oewar Construction v
e dewar can consist ot three concentric containers made o i
.
coliched otainless steel.  Fach container 1s fabiricated in two =
sarts Joirned by seam welding.  The inner container holds the oo .
s Liauid hellum.  The intermediate contalner 1s a radiat o .
14 at atout 809K, Cooling for this temperatuare 15 anto.nat -
tlar e trem the refrigeration oyvele. The outer cort oo -
1rowhatever environmental temperature 1s encountered ino Ui
BRI I B U The assumption here 15 that it will be ~ U0 K. TR
e hetyeon the three contalners are evacuated ana severa.l Lay-
crooot liantly flocked superinsulation are used in these spaces to
fimit radiation heat transfer even more than would be obtained
ot sarple poliched curfaces,  This type of construction 1o gl
stantard,  The radiation heat transter from the ligquid helium cuoln-
*alner with this type ot insulation 15 estimated at 0.018 W. A
Laraer nource of heat leak 15 hy conduction in the tubing of the .
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turrets uced for introducing the current leads and the liguid hel-

ium transfer tube. For example, if the helium container turret ;i
consists of two tubes 1.5 in. diameter, by 0.010 in. thick, by 8 ;é
in. long, the estimate is that these will consume 0.089 W of re- ;:
frigeration. 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. k
puring high G-loading, the mechanical forces of the three E;
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 should be kept
“ull and all boil off taken through the current leads and returned )
to the refrigeration system. The welght of the coil, liguid nel-
ium, dewar, but excluding the refrigerator is estimated at 32.9 xo.
5. Refrigerator Power
A ground based commercial refrigerator suppiy 1 W Of retria-
eration at 4”K would consume ~ 3 kW. However, for space ap-
vitcatinng, the efficiency has been very greatly i1mproved.
K.w. Br-eoxenridae, Jr.(}b) hag constructed the critical par: o
a refrigerator for space applications and has ftested v, I -
bices 1w of refrigeration at 3.69 and consumes 1300 w. oo
frciency at 4.2 would i o slightly higher and Dr. Preckenr:
aaf eotimated that 650 W would e the 1nput power reguirenent oo .
Loew of refrigeration,  This refrigerator weighs 100 1y oo - -
capres a space of 10 in. o x Y4 in, X 26 1n.  The refricerat:
cyele 13 o reverse Claude cycle with dounle onded, roocipr oo oo
SN Nes .
Tho coll oharasnag cabply will provide 200 A4 at o~ o
0T T Rreckenridge, F.W., Gr., AFFDL-Tk-68-%59, Oct. 1oy, “ixyloo- o
atory Development of a 1 W, 3.60, Reciprocating Retriaer .- e
tor for Space Applications,” (A.D. Little, Cambridge, M, &
.
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I. PULSE DISCHARGE MODULATOR DESIGN
1. Circuit Topology EE
-~ In designing the discharge modulator for the HgBr Phase I1I :j:
E; laser, two types of discharge circuit were considered: Blumlein EEE‘
and line pulser. i
2 a. Blumlein Circuit g&:
Figure 74 is a schematic diagram of the laser using a g%
Blumlein circuit to pulse the discharge. The Blumlein circuit has ;i.
the advantage that the output voltage into a matched load is equal )
to the cnarging voltage, VO. Into an open circuit the Blumlein %E
gives twice the charging voltage. This occurs when the wave init- jfﬁ‘
iated by the thyratron is reflected at the open circuit and the Ei&
voltage between the grounded side of the load and the common side
of the energy storage line then goes from + V0 to - VO. Since ?i
the ungrounded side of the load is at - V0 with respect to the iﬁ
common side of the energy storage line, the voltage across the g
load (open circuit) will be 2 VO. :'j
A disadvantage of the Blumlein circuit is that the switch I
current is twice the current into a matched load. This occurs be- ;5
cause the voltage across the load and the charging voltage are &:
equal but the thyratron sees ZB’ the stripline impedance, where- ift
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 A
across a matched load can be shown to be Y
o
42g B £ - % t ':::'.‘
BT B 3
v o=V, 1 - e - T (65) =
R N
s N
2
AN
where L, = toad inductance o
I, = switch inductance N
57
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Figure 74. Blumlein Circuit
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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. 1In this circuit the voltage produced during
the rising portion of the pulse across a matched load can be shown

to be:

ZZO

\Y T L. + L
v =0 1 - e L s (66)

The time constant associated with the switch inductance is
then T = LS/ZZO. However, since ZO (line pulser) = ZZB
(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 220 in
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 Vvalve
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.
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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
leaves the type B network which meets all our reguirements 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. 1In Figure 80 the first inductor is varied while the other
components are kept constant. This shows that increasing the out-
pat inductor improves performance by reducing overshoot. A con-
ceptual drawing of a stripline connected pulse forming network is
shown 1n Figure 81.

3. Thyratrons
The factors which influence thyratron operation at high

di/dt levels have only been recently understood. The major fac-
tors that determine the rate of current rise are 1) the trigger

. JAVCO EVERETT
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Eguivalent Forms for Five-Scction Guillemin Voltage-
Fed Network. Multiply the values of the inductances
by ZNT and the values of the capacitances by 7/2ZN.
The inductances are in henrys and the capacitances

in farads 1if pulse duration 7 is expressed in seconds
and network impedance ZN in ohms. {Adapated from
"Pulse Generators," G.N. Glasoce and J.V. Lebacqz,
Boston Technical Publishers, Lexington, MA 1964.)
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plasma density and distribution at the onset of commutation (de-
teriiued by the grist confiouration 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 discharage as well as by the geometry of the tube and
1ts external current return).(37)

To achieve minimum switching delay and maxlmum cilrcuit

1.0, the tube must be designed for such operation and the cor-
rect nethod of triggering must be used.,

o obtain the best initial conditions for commutation, the
tricdaer discharge must establish a relatively high plasma density
near thee cathode surface. To obtain low inductance, the discharge
st he snread over the cathode surface to the maximum extent. To
A0 rtnie process, an auxiliary (or priming) grid is used. The
duxiliary grid 1s located between the cathode and the control
jrid, and its geometry 1s designed to confine the trigger plasma
near the cathode.,

T, tuily form the discharae bhefore commutation, the auxil-
1. nisciiarge 1s prepulsed at a high current level. A high

current

S 't auxiliary grid prepulse 1s necessary but not sufficient to

acrleve high di/dt.  When the ion density near the grid baffle an-

11 . 3 . .
crrares reaches a value of ~ 10 ions/cm™, the tube will ccin-

riitate, regardless of the state of the discharge near the cathb: ~

It weat auxiliary current is used (e.q, 20 to 100 ma),
10

trigger-
wensity will not be reached, and a separate control grid pulse
Tast then be used to trigger the tube. It has been reported that
i1/t 1s lower when the trigger pulse is applied to the control
aria o an opposed to the auxiliary qrid.(38)

:

Turnguist, D., Caristi, R., Friedman, S., Merz, S., Plante,
. oand Reinhardt, N., IFEE Trans. on Plasma Science, Vol.
pr-3, No. 3, Sept. 1980.

Friedman, S., Goldberq, S., Hamilton, J., Merz, S., Plante,
b.oand Turnquist, D., Proc. IEEE Thirteentih Pulse power Mod-
niator Symp. Buffalo, N.Y. pp. 129-134, 1978,

204

AVEO £ vERETT

A

»

R T e P W L UR e I T IR

SRR

[

. v

AR

e e s
N

YA P T




Y aa . _ | > LS

.
DAy
." 11

[ € s
a & »
¥

e

Jaww,

-«

X A RO BOT IO S R s o IR .

. -
ol 2ol & *shralsat A Ak Sal At 2ataat »af

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 cathode.
A small bias (-20 V)

but a large 25% increase in di/dt

increase 1n commutation
(37)

produces a small 4%

delay,

A new model has been developed for the hydrogen thyratron
that can predict the behavior of thyratron-switched pulse cir-
cuits. It 1s assumed that the thyratron can be modeled by two

elements 1) a constant inductance, dependent only on geo-

and 2) an exponentially falling resistance or voltage, with

constant 7i (37)

series

metry,
a time dependent only on gas pressure.
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
guantify anode dissipation in high di/dt circuits. The results of
this analysis is to replace the o0ld Pb factor with a new factor,

defined as

(epy prr di/dt)

m =

b voltage X repetition rate x di/dt

The model described in Ref. 37 has been used to calculated anode
heating when switching a transmission line charged to a voltage,
V. Defining a circuit time constant, L/7 (with L the total switch
and Z the total

plus the load directly across the switch),

and connecting inductance, impedance of the line

it can be shown that

the anode dissipation energy per pulse, W, is a function of

ri/rL as shown in Figure 82, and the power dissipation is di-

.(37) Anode dissipations consistent

rectly proportional to "y
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-
normally for thyratrons about

fall time).

nitude depends critically on Ty

30 ns (corresponding to a 20 ns This can be reduced

to at least 20 ns at higher pressures (> 0.6 torr). On the other
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hand, reduction of pressure can cause much higher T 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
well 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(39) have shown that the
number of pulses that a thyratron can switch before ceasing opera-
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
under 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, Mcbuff, G., 1981.
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linear accelerator wherc ~ 107 hr of life data has been ob-

tained. For the design point conditions the thyratron lifetime

extrapolates to 2 x lO4 hr at 100 Hz, 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 moaulator
delivers a power of 10 KW to the laser discharge, and hence its

cverall efficiency is 89%.
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TABLE 10. ENERGY BUDGET FOR MODULATOR

Item

Power Transformer

High-Voltage Rectifier Diodes

Charging Choke

Charging Thyratron - Filaments
Reservoir
Conduction

Damping Networks and Stray Capacitance

Energy Storage Capacitor Losses

Output Thyratron - Filaments

Reservoir
Commutation
Conduction
Control Circuitry
TOTAL
200
N L o L D L L N

Loss (W)
200

30
28
136
35
~ 1
100

441
68
100
45
_100
1289
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J. GAS CLEANUP/MAKEUP

1. Chemical Processes

In order to efficiently use the HgBr laser for space appli-
cations it will be necessary to reuse the laser mixture many
times. The most extended efforts to address the i1ssue of the gas
mixture recyclabllity involve experiments currently underway at
NOSC.(4O) The drop-off 1in output power as a function of time 1is
analyzed for a UV preilonized discharge pumped laser (40) which
1s repetitively-pulseu at ~ 40 pps. The laser mixture,
HgBr2/N2/Ne, 1s circulated around a flow-loop to remove the
excess heat produced 1n the discharge. Wwhen the laser 1s turned
on the output energy is ~ 35 mJ/pulse., This corresponds to an
intrinsic efficiency ot 0.7%. Thils 1is near optimal for tnis type

a system operated in a single pulse mode.(4l)

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, sc that each discharge volume (~ 45 cm3) 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 traction
of the flow removed and the mass of HgBr2 which must be handled
for 108 shots. From this graph it can be seen that if 0.7% of
the flow is processed, 800 kg of HgBr2 must be either replaced

or purified and returned to the system.

40. Celto, J.E., private communications.

4] . Schimitschek, E.J. and Celto, J.E., Appl. Phys. Lett. 306,
176 (1980).
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In wrder to evalaate what possible purification or replen- -~
1onin procedure are necessary and to sec how to make 1mprove- )
aentooon tne recylability, 1t 1s necessary to look at the cihemlcal i
reactions 1nvolved in the regeneration of HqBr2 from the excita- “
ti1on prodacts.  HModel calculations indicate that ~ 20% of HaBr | -
molecules in tne discharge regilion wilill end up as HyBr(x) and Br. ﬁ
The tollowing reactions are then possible from the i1nteraction of )
HaBroana . ;_

ca)l o HygBro+ HgBr ﬁ ngarz (1) )

(L) Br + or * Br., Zf

2 .

(ci Habsr + B VogBr '

(1) gsr o+ aigBr - Hg o+ HyBr, S

() Huabr + Br » Hg + Brz

T rate constants tor reactions (a) and (b) have been mea- R
careda and found to be L.5 x 10_30 cmb SQC-1(42) and <
I = ;P_ji cm6 :ec-l,(qj) respectively. The rate constants P
tor roe otoer reactions are not known so that it is difficult to .

~rimate the relative importance of these processes. However,
rteacsondatle estimates of the rate constants would indicate that %
Chene proecesses would go to completion in a few tenths of a milli- .
SeCONd . This would then leave a mixture of HqBrz, Hg, Br  ard .
Yy hrz 1n the argon butfer gas. ) -
| There 1s tne possibllity that Hg Br. coula react ion ' ne -
T e e Wt bro :

2

ngbrz + Br2 > 2HgBr2 .
O ek thnosy :
ngBrz + Br - HqBr2 + HgBr N
Hfowever a large portion will most likely condense on the walls or .
fne tiow-l1o00p. Tuen, agepending on the local Hy density, the ;
Hdﬂﬂld will remain on the walls as a solid or decompose 1nto "
JFT——‘:fviq, G., Gunning, H:E., and Strausz, O.P., J. Chem. Pays. l

52, 3684 (1970).

S Clyne, MUALGAL, and Woon-Fat, A.KR., Trans. ot Farday soc. %
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iHg and HgBrz. The deposition of Hg28r2 in the flow-loop was
observed 1n the NOSC(QO) apparatus as soon as the laser was

turned on. Data for the vapor composition (44) over Hg28r2

also indicates that, under the temperature and HgBr., pressure

2
conaitions of the proposed system, 1f the local Hg pressure rises

to 0.4 torr, Hg will react with HgBr2 to condense out as

Hg,Br ..
2772
Br2 will react with the solid ngBr2 at the walls.
(f) ngBrz(s) + Br2 > 2HgBr2

This process was observed in supplementary experiments at

NOSC.(4O) Also possible is the direct reaction
+ >

Hg Br2 HgBr2

. : 4
However, 1t 1s expected that, as was the case for Hg + C#f (45)

’
tnis reaction will occur only at the walls and thus the rite is
limited by the collision frequency with the walls.

The processes cutlined thus far show how the system can re-
turn completely to the thermodynamically favored state of pure
Hgbr2 in argon. However, there 1s not sufficient data to deter-
mine the rate of the final recombination process and thus it 1s
not known what the quasi-equilibrium concentrations of Hg and
Br2 will be in the following system. Since Hg could interfere

wlth the HgBr* (B) production and Br2 could be a signifiéant ab-

sorter, 1t 1s 1mportant to determine the rates of the wall re-

actions under the proposed conditions.

What 15 clear from this analysis is that if either Br2 or

Hg 1s removea from the cycle, then a decrease in laser output wiil
result. Therefore, the materials used in the laser system must

not only be unreactive with anrz, but also with Hg and Brz.
Reactivity could result in a loss of HgBr2 or the production of

avsorbers such as Br2 or a volatile metal halide. The NOSC

laser apparatus nad tungsten and stainless steel in contact with
tne tlowing gas.

34 lLLewls, jTS., Icarus, 1L, 367 (1969) .

45 Medb ekar, A.K., Rokni, M., Trainor, D.W., and Jacob, J.H.,
Chem Phys. Lett. b5, hUU,
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(40)

Since tungsten reacts with Br2 at their temperature

and stalnless steel willl react with both Br2

tions with these metals 1s a likely cause for the decrease 1in

and HgBrz, reac-
laser output they observed.

Experiments designed to test various metals for use as elec-
trode inaterlial were conducted at Westlinghouse Laboratories.(46)
Electrodes made from the material to be tested were vacuum sealed
1nsiae a quartz cell with enough HgBr2 to fully vaporize and
provide a pressure of 1-2 torr at the 175°%¢ operating tempera-
ture. Discharge voltage was capacitively coupled to the electrode
from a 100 kHz high-voltage supply.
(304,

Of these, only platinum allowed extended running of the

The electrode materials

tested were stainless steel 316), molybdenum, platinum, and

nicrel.

discharge without loss ot HygBr* (B) fluorescence. With the other

materials the HgBr* fluorescence severely decayed in a few hours

wilth an accompanying appearance of several mercury emission lines

The results of these experiments indicate that platinum will
beo w o good waterilal to coat the metal surfaces in the laser cavity

and flow-loop. Additional evidence in support of this comes from

dnata on the surface cnemistry of platinum. Measurements of the

mercury vapor decomposition pressure for various platinum mercury
(47)

ailialgams lndicated that at the maximum mercury pressure

allowed by the HgéHr) condensation (0.4 torr),

<

no amalgams

Wl Lo,

vossible reactivity ot platinum with bromine is not cleur

, : 48 o -

br 1o known to react with Pt( ) at ~ 1507°C to form
) : o, ,

v, However, this compound 1s unstable above 1807C and
Prie oo tormea.  Inis compound 15 likewise unstable above

o . ) ,
5070 0 Uinfortunately, both gold and platinum show a maximuir 1n
4v. v, C.5.), frivate communications.

47. Jangyg, V.oo. o and portbudak, T., Metallkd, 2., 64, 71% (19773, .

A, Cantertord, Jd.8H, and Jolton, P., Halides of the Second and
Thira How ‘Transition Metals, (Jonhn Wiley and Son Ltd.,
London (1964) .
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the rate of corrosion in Ci, at the temperature at which the

‘ (49)
corresponding cloride decompouses.

The success of the
Westingnouse experiments with platinum electrodes is most likely
due to the reaction of the PtBr2 formed with Hg to form thne more
stable HgBrz. In thls way, platinum may play an important role
a5 a calalyst to enhance the otherwise slow recombination
Hg + Br2.
With the return of platinum metal to the surface by tne re-
action ot PtBr2 with Hg there will be no net loss of platinum,
However 1t 15 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

coatlng can be maintained.

It 158 clear from this discussion that all the metal surface
shoulu be coated wlitnh platinum. The electrical insulators for the
electrode support can be made out of alumina. Because of the
porouus nature ot the surface ot this material, it may be necessary
to allow for a certain amount of seasoning during the laser setup
phase, nut there 1S nu evidence to suggest any reactivity between
alumina and the other species present. The MgF2 overcoating on
the Cavity windows 15 expected to be likewise inert.

By constructing the cavity and flow-loop out of materials
whilCi au not chemically 1ntertere with the reaction mix it should
be ponsiole to greatly improve on the recyclability over that ob-
cerved an o tne NOSC experinents,

However, additional probilems could arise from outgassing or
Hootrom tne metal surtace.  The H, will react with Br, to

< 2 2

S HBr . There are two possitle sources of the HZ' One 1s the

bydrogren discolved 10 the stainless steel during the fabrication

procesn and rhe wcondg 1, byarogen patused into metal during

‘ ,
CeCtTob gt g,

BRI o1, Hube, corrogion Hanadobook, (Jonn wiley ana Soros,
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The first source can be taken care of by baking all the

. . C. (50
measured for stainless steel baked under varying conditions. V)

In order to keep the pressure of HBr to < 10% of the HgBr2

agensity in lO8 shots, 1t will be necessary to limit the outgass-
"1 The data in

Ref. (50) indicates that this outgassing rate at 49OOK can be

ing rate to « 1 x 1072 torr liter cm?® sec

obtained by baking the stainless steel for 16 hr at 400°C.

The amount of the H2 infused into the stainless steel dur-
1ng 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 1s 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 H, can be taken care of by
fraking all metal parts before plating and by allowing the final

system to be pumped on at operating temperature for a few days
before running the laser.

2. Gas Cleanup System

The discussion above has indicated that the use of nonreac-
tive materials such as platinum, alumina, and glass in the laser
system should allow the laser mix to be recycled indefinitely.
some difficulties however could arise such as porosity or crackina
1n the metal protective coating, unexpected secondary reactions,
or slow outgassing of some components. These processes coulad
lntroduce impurities into the tlouw stream and thus reauce tne

Laser output during the course of tne long lite test,

SU. Power, Bd., and Kobson, F.C., 1961 Vacuum Svmp. Trans., 1.
1175, 1962.
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Yor thls reason, the tlow-loop will pe equippea witnh a system for ]
<

trapplng ovut all the material from a certaln fraction of tne flow g
and replenisning 1t with pure ngu:z. By analyzing the material v,
. . . g
trapped, 1t will be possinle toe determine tne source of any =ucn ;y

ligpdrlty 5o that modltication can be implemented accoraingly. It

. . . R . . '_\
Ssheulua then be possiole to reauce the traction of processed flow ‘A~
Lo the polnt where tne trapped material can be thrown away. It 20
thils 15 not possible tnen tne analysls can ve usea to design an e

Hgidr | puriflication scneme.,
> ;o

A schematic of the trapping/replenisning system 1S shown 1n
Firjure #4. 4 fraction ot the tlow enters the system from the nigh
pressure portion ot tne flow-loop. In this first segment ot tne

ruritication line there will be a set of sapphire windows wnicu

Al

wi.i allow transmlssion spectra to be taken of the gas ftlow. Tnic

information will be used to monitor the HgBr., density as well as

2 L
detect and 1dentify 1mpurities. A throttle valve in tne line will
e 1sea to control the fraction removed. The gas then enters the
trap. Most of the possible contaminant will have low enough vapor

pressures to be eftectively trapped at room temperature. This i1n-

2 materials like metal halides
ana vrganice olls and greases. 1t analysis of the gas flow inadyr-

Laoec, In addition to the HgBr

Cutes lower temperatures are necessary, a second trap will :- _;
agea 1n o series. At tnls polnt the gas 1S reheatea by wslied o -
rwurtion of tne laser waste heat removed by fhe Taln Leat eNxclianis o :d
i the tlow Loop.  Pure qur2 SUpply canister 1o aijasted vt ’
perovaide toe correct HqBr2 density In tne laser sSyche e .
Prenr. quxi’Ar MIX 18 tien retdried Lo Uhe syste s on tie e ’}
resoure siae oL the flow-loopn, };
N~
The aystem wlll be desianed to benale 5w ol Habr o g ®
PO Yne anount o of HGBr o whilCh woula have Lo e aigddea Lot - i{
et oat LR LO’E Glotne plow wan procCeshed ol Lo e ot crpeerl o= f
2t ion. However, boecause tre Crapping Sy ovten wils oo goed as G :}
tiacnost e tool o an the early traeoen of best i, 1t Wl e e -
e oo et bect l'.""l'/ trap out ‘AU.‘S bt U w e s T e ‘:
Sleemii il Shot el per Lo ot ot pmey
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Bk 41

The amount ol power which must be extracted form the gas mix

in the trap

15 appoxlmated by the tollowlng expression

QO = nAr C_ AT + n ZA

o) HgBr Hsubl

wt . . : |
where n, . and anBr are the molecular flow ot argon and
HgBrZ, respectively; Cp is the heat capacity of argon,
A“~uu1 is the heat of sublimination of HgBr2 and AT is the

temperature.

If the fraction ot the flow processed is 5 x 10 2,

and the trap is kept at 300°K then the power removed from the

flowling gas

radiator at

1s 14 Ww. This power can be dissipated by a 150 cm2

room temperature.
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K. OVLRALL SYSTEM DeoCrIPTION AND PLRFORMANCE
In this section we want to (a) sumnmarize the overail owrr.: -

‘

ing characteristics of the laser systen, (D) cummarize toe aoCioorn
issuers assoclated with long litetime reliability, and (¢) reiate
the features of our design to an actual space based SLC applica-
tion.
1. Efificiency

In Table 11, we have listed the power consumption of cach
sunaystenm for the design operating conditions.

irst, the discharge power llsted represents the averaqge
power consumed by the entire pulsed power systein in transferring a
net 10 kiw from wall plug to the laser device terminals. At tnese
terminals, the laser device 1s projecteda at 2.08% efficliency so we
calculate 208 W output. The power consumptlion figures consider
puwer supply transformer and diode losses, charging inductor ana
storage capacitor losses, switchling losses and the filament heater
requirements for the thyratron switches. Also, trigger generator
pecEss are included in the power consumption figure for the pulsed

-

W, tHUS 1t 15 o true wall plug calculation considering all in-

o this system.
Tue second power 1n the table is the wall plug power con-
et by the pumping systems as required o proviae coovling
tor tne heat exchangyer and the maln flow. 1Tnese $ysStems uale 5. .o
For anoaveraqge 100 Hz but the main loop flow 135 ci1zed {or a
Satolnoonoanterpulse time {(l.e., 200 Hz tlow capacity). ‘The pus:
rotors and fan ettilcicencies are rated at conservative values. ci
neeln toop fan has been designed to provide flow for a conservauiy
tlusu tacror of 1.79% and also provides the excess flow requireu
tor tne cathodes, gas cleanup, etc.
Tie heat exchanger pressure drops and corner turning pros-
cretonses in tne flow-loop are based upon accepted desian calcu-
Latron approaches. Tnus, we belicve the calculated loop punp
power losses reprecsent an accurate desian estimate. The heat ex-

ctianger cooling flow power calculation is based upon accepteu

design methods and similarly should be an accurate estimate.
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o TABLE 11. TOTAL POWER CONSUMPTION 2 J/PULSE

- (kW)

Discharge Pulse Power 11.29

- Flow-Loop 1.56
E-Gun 3.59

P- Magnet 0.65

o Injection Laset .24
Controls .2

[ TOTAL 17.53 kw
Laser Output Power 208 W

- | Overall Efficiency 1.19%
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Cooling fluid punmp power can be significantly reducea by speci.a -
pump development not proposed here. However, additional loszes oo A
may be requlred to circulate the coolant to radiators on tne A
spacecraft. As these powers are liable to be small, we consider S: .
these two issues to be a wash. s
The third power listed 1n Table 11 1s the power consumed by ff k
the e-beam. This power includes the actual e-beam current, the . Z
heater losses, all foll transmlission losses and the losses associ- . ‘S
ated with the e-beam power supply and modulator. We do not in- A
clude the power associated with the vacuum pumps, even though 1t P .
1s relatively negligible, since we feel this would not be an 1ssue o i
for the space based SLC laser. . jE
The fourth power consumption listed is associatea with tne S
superconducitng (SC) magnet. In this case we refer to a NASA de- N
sign report for the projected cooling requirements for a spaced :J e
based 4°K refrigeration system. This reference provides a de- B :
sign value for the spacecraft bus power necessary to provide our - {.
proiected requirement of SC cooling at 4°K. A
The fifth power listed in Table 11 is the power required for - i
tne narrowband oscillator. This is an overall figure based upon if E’
reasonable design estimates for this system. L4
We have also included an arbitrary 200 W allowance for con- &' N
trols, alignment systems, etc. As these systems would be soliu X
state ana inherently low loss, this seems generous. }i f
The total power consumeda by all components necessary to make - ;
tne laser work 1n the space based environment is 17.5 k. Tne f o
projectea power out 1s 208 W. The projected overall etticiency 1is - k
1.2%. - ff
<. Beam Quality S
In the proposed design narrowband sinalie tranoyer e mo o~ i
Ligtht 15 injected 1nto the unstable HgBr osotiiator for tra tirot S, i
S0 ns oof tne 250 ns pulse. Prov.aed that toe 1nected ety .
1 at the galn maximum ob the 502 Aam Lanet et e o St ~ ;
round trip galn at this maxXximuih will e STV e e i} iy

Cles will not increase turther an oaup i e, . T SR o




loss. The frequency stability is thus assured throughout the e

- pulse., Further discussion of this is given 1in Appendix C. }:
It is possible to estimate the phase and amplitude uniform- iy

Eﬁ ity of the unstable oscillator output during the latter 200 ns of i;ﬁ
the pulse. This is controlled by imperfection in the optics and g

e phase distortion 1n the gaseous medium. Medium distortion is dis-

*

hons
»
o
T

cussed 1n Section III-E-1. As a starting point the modes of the

.I'l.(-'
Tala ey

design point resonator have been computed using the standard in-

d(Sl) lowest order -

-
£

tegral methods. Figure B85 shows the compute

mode intensity profile in the smaller transverse dimension pSy

Y

2"
oo

{4 cm). The 6 cm dimension shows smaller peak-to-peak intensity e

Ll 2e B
‘l l' Il
»

. . . o}
fluctuations. Phase excursions across the mode are< + 107.

o
LI |
)

When a random phase perturbation is introduced to the reson- A
ator there is a degree of multiplication of the error during the
several transits made before exit. Because the light passes
through different transverse positions the errors are not always .
- cumulative, but add in an appropriate rms fashion. A treatment :
.' fras been given(sz) 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

[ee]

< F(x,y) = 2 (F' xk + B! yk) {(67) f;
" ! ak xk vk -
’ k=1
s
~ 3
. where -i
L @, = effective number of optical passes of kth order :;
‘.n-' . >

: aberration
5 _ £
. 51. AERL Resonator Code o
I,--
hit 52. Anan'ev, Yu.A., Sov. T. Quant. Elect. 1, No. 7, p. 565 A
; (1972). R J
-~
.'\
- N
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K+l Ch s
.1 Mk s M - 1 contocal positive branch
- (Mk-l) (k+1) (M-1) ' unstable resonator
M = mode magnification = l/»’l-LC and Lc is the geometric
output coupling
lek’ F'yk = one pass kth order aberration coefficients of

power series expansion of abberation. The coefficients a, are
plotted 1n 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 approprlate to specify the phase uni-
formity requirement to give a 10 (XDL) far field divergence. 1In
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/X) 1is given failrly well by the geometric sinusoidal approxima-

tion (drived in Section II-E-1):

28
A

(0.78) (XDL) L
where (XDL) 1s "7 1 and A 1s the amplitude ot the optical perturb-
ation (804 of eneryy within (XDL). Tnis result tollows from three
Separate treatments which give consistent results:

1. Assumption of sinusoidal phase error

2. Use of a random phase error with a Gaussian distribution

over the aperture
3. Computer simulation with specific bumpy wavefronts

By this criterion using the anticipated perturbation normal-

1zed scale length L = U.Z2 we find the maximum allowable peak-to-
peak vartation = 1,56 waves.  when we told 1n rhe aberration
multiplier ot 2, we regquire o single pass nomogeneity of . 7w
waves,
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The present design for 10 (XDL) allows the use of a centered
output coupling mirror. The eirfect of a centered obscuration on
(53)

the far field energy distribution is shown in Figure 87.

The resonator design polnt has LC = l—M'2 = 0.67. From Figure
87 we note that 95% of the far field energy lies within 10 (XDL)
and 90% lies within 5 (XDL).

when we fold together the effects of center obscuration and
random phase-front e¢rror at the exlt plane, the rms addition modi-
fi1es the optics plus medium homogenelty requirement downward to
~0.70 waves 1n a single pass. It 1S to be noted that the use of
a corner obscuration 1s substantially better than a center obscur-
ation ana that 1t snould be considered for the production of
higher gquality beams, wnen they are required.

From above, both the mode phase front and the centerea ob-
scuratlon contribute apprecilalb.ly < 10 (XDL) to the far field
divergence. The principle contributors to far field divergence
are medium homogenelty and optical imperfection, which between
them must contribute <« 0.70 waves, peak-to-peak across the reson-
ator aperture. In Section III-E, 0.55 waves have been allowed for
g dium lnhomogeneity due to the gas flow, and the predictea phase-
‘ront distortion is rather less than this. The surface tlatness
ot the intracavity windows ana the laser mirrors can Le as gncua asg
\, o4 within current polilishing technology. There are two wiiaow:s
wattoln bhe cavity (4 surfaces) and two mIrrors (equilvailent . 4
LLarbacesn) . Tne winaow materlial, sapphlre, can have good bulxk op-
iCas nomogenelty (-A/10 15 selected pleces). An rms addition
Leradis toy tne optlcs pnasetront error = 0.22 waves., Tuis 1s less
taanr the optil1cs budget ot 0.43 waves which 1s allowed after the
Lo owaves Llow puduet 1s removed trom the total 0.70 waveo (rwms

ittt ion) .,
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The near-tiela intensity protile has diffraction fluctua-
tions near the edges (Figure 85), which will wash out 1n the far
ti1eld and 1n any casc can bhe greatly reduced by "softening" the
mirrory edge. From Section I11-C-1 the discharge uniformity is
good to + 20% over the whole aperture, and this will apply to the
near-tield laser output, given the small allowea phase perturba-
tions ana the correspondingly small angle perturbations on geo-
metrlic rays.

I'wus, we projoect tnat the hean quality requirement of 80% of
tne nealir eneryy witnin 10x diffraction limit far-field divergence
can bhe met comfortably by the present design.

3.

-

ttetime

For this desidn we have adaressea several key 1ssues 1In
order to project the lU'(j lifetime required of this laser.

Flirst, we nave aadressea the 1ssue of pulsed power component
selection required to achleve 108 shots, with ultimate capabil-
ity ot luld shots.

~ie have elected thyratrons to drive our system as these de-
v1Ces are known to proviae reliable, predictable operation for
tives exceedlng 107 pulses 1n radar and other applications.
inder Lhe condltions ol our proposed design we project, based upon
ranutacrurer's data, ~ 4 x 1U9 shot lifetime. Longer life, 1f
necessary, can be acnleved vlia reduncancy and this 1s impli-it .o
A0 dpproact.

froe otner components of the modulater circult are inductors,
drodes, etoe. operating under no particular stress., Thus, as 19
Jsual 1o nower supplies, 1f tnelr environment 1s properly con-
trulied, tnese conponents shoulda provide many eyars ot service
el Laataiy.

The rodalstour for the e-peam 1nvolves ~ 20 J/pulse 1t the
-t dn pidloseas Thus the modulator can e one-ti1tth of the dis-
hav e modtalator by coupling 1t to the e-beam via a pulse trans-
Pormer o wnlio the pulse o-tegn voltoge 18 large, 3uu kY, 1t is
ot exce nore and snoula not represent g litetine 1ssue tor thls

Pranciorier atter reasonasle development.,

o
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P v-beam 1tselt has unknown quest ons concern.ng vacudi

breakdown.,  As the energy avallable on a vacuum arc-over 1S smal: RO
C o~ 20U ) negiriatile damage to the electrodes is expectea from o :?
vacuum arc,  Data exists tor lon accelerators used 1n neutral pean :j N
1njectors (tor magnetic fusion) which indicates rapid voltage o
Standolt recovery to the original operating conaitions when little .
cnergy 15 involved inoan arc.  Thus, whlle occasional "tics" may - ~g
occur, the system snould recover ana they should be very intre- - -]
gduent; mucn less than ls ot the pulses. R
The most often mentioned concern with e-beam sustainead dis- . A
CSnarges 1s survivability of "that thin foi1l." This concern is :f f
aqarecses 1n our design in two ways. Flrst, we indicate tnat ox- -
pierlence with the phase I cavity shows tnhat arcs of very large A
energy do not damayge the foll. This observation is consistant .
with many other devices at AERL where 10's of kilojoules are ro- R
qalred in o an arc to the electrodes to cause collateral foil dam- - ﬂ
1ge. Au o we will have only 100 J available/pulse we anticipate no - :
torl provlems from arcs. T
The other potential source of problems for a "thin foil” is ~ :‘
rhe pressure induced stress. The static stresses and the tempera- 7 :
tures invoilvea 1n this laser design lead to negligible creep for 5,
the toll material chosen. Thus, creep 1g not a lifetime 150 6. NG
Dynaimlce stresses have been calculated and shown to be wilithin ol . .
Limits even when extrapolated to lUlU shots, ;f }
e tinal key 1ssue in long duration running/reliatilie, 1. SR
toe 1mpact of HgBr2 and 1ts fragments on the loop componcnt. v - ’
Lt lmpact ot oany resulting corrosion products on laonor pertfor: -
ANCe, B
Data 1s limited concerning this corrosion. However, we 1ave:
destgned tor the best known materials and anticipate that the r.- ?
Sitant o corrosion will be very low. To meet the present progran ft t
Dwjective, we need to reduce the buildup of poisons in the lase: E
e by only a tactor of about 10U over NOSC data.  The experiment -f':¥
onowhiien toe NOSC data was taken was made ot such o materials as 2
talnilens oteel, o 5
230 =
®
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Westinghouse data shows stainless 1s 4 very bad actor in
alscnarges, Whille platinum, quartz, glass, etc., are not.
since we are deslgning with these latter materials, we be-

our design approach will achileve the desired results.
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APPENDIX A o
N o
t; BUILDUP OF LASING AND SAVINGS FROM INJECTION ;?
. -2

1. SUPER RADIANCE

Whenever optical gain 1s achieved in a medium as a result

of stimulated emission, there 1s always an accompanying super-—

radiance consisting of amplified spontaneous emission. i
: o
[t can be shown that the spectral radiance from such a .
super-radiating medium (in the case of high gain G and of g
large ratio between population of upper and lower states of o
. . - ) e ced (1) -
tiv transition) can b expressed. S
.03 .o
2n- . S
B = - 2 . G() ’ (A"l) _-"'
C _.:
whore o7 1w the velocity of light in the medium in which the T
- ,
\ . > - . ~'--
eeasurement of brightnegs 1s being made. Now suppose we collect AN
l\'
. ~ . . . '\h'
T othe power emitted through an aperture of area A, and witi ... e
2 e
thee Jifrraction-limited solid angle . = +«7/A,  Then the spectral ';
power Pocollected s o
, 3 -
p A B - - 2 2h. Gl (A=2) .
- = 2 o \ —
2 " @
< AR
.:\'..
A
S
P 2h S(0) (A-3) B
@
T T Wariv, AL, "Ouantum BElectronics," 2nd edition, p. 297, R
Publisbed, Jobn Wiley & Sons, Inc., New York, 1975, R
27313
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Hence, 1n !{reguency interval ‘., the power P cmitted 1into the

diffraction angle (into both polarizations) 1is
g 2he oG L M, (A-4)

Around 5,000 K, ho . S» 47 nw/R.

Hence, for the HgBr system under discussion, the equivalent
input power resulting from the spontaneous cemission is 47 nw/X
per polarization per spatial mode.

2. THE HgBr ILO

This device will be restricted to 1 & spectral width and

will be better than ten times diffraction limited (i.e., < 100
: spatial modes). Both polarizations will be allowed. Hence, the
aguivalent input power from the spontaneous emission has an upper

bound P given by

.y N
S .

P = 9.4 uW (A-5)

; 3. BUILLDUP TIME
The builldup time can be estimated by calcualting the numi -
of round-trips of the ILO needed to build from Psp to Psat (sat -
) urat ion power). A lower bound can be obtained by assuming the
small-signal cgain of 3.8%/cm turns on instantaneously. In the
carly part of the pulse cycle, the loss o = 0.5%/cm. The feed-
back 1s 36%, and the length of the active medium is 6.25 cm.

Hence, the net round-trip gain G, will be

1

G1 = 0.36 exp (2 x 0.0375 x 62.5) = 39 (A-0)

234
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The number of round trips to build to the saturation power of

4.6 MW will then be

6

No= oo (22200 N6 - 7l (A-7)
9.4 ~» 10
Since the resonator is 1 m long, this gives a buildup time
v = 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
—quivaient input. To estimate the reduced value of the buildup
time:, the value of the injected power is substitued for the
9.4 LW 1n relation (A-7). The resultant buildup times are in-
dicated in Table A-1.

4. ENERGY LOSS DURING BUILDUP

Suppose the total power in the active trnasverse modes is
citialley Po’ either from spontanecous emission or from iniection,
ind 2 time varying excess gain g(t) is applied. Then if there

were not output coupling, the power would rise according to

L
P - PO exp — C .~/ﬁq(t)dt

—
~ o

(A-9)
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o

A

where g is the time averaged excess gain. When the output

coupling is taken into account, this becomes

P = PO exp . (A-10)

<L g - n M) %E
r

Hence, the time taken to reach the saturation power PS

L
- = — . n (§L>. (A-11)
c(Lag - inM) o

The maximum power that could possibly be extracted from the

medium 1s

P= AL g(t) ¢ = L_g(t) P (A-12)

at

where A 1s the cross-sectional area of the active medium and ¢S
vs the saturation flux density. Hence, the maximum energy lost

during the buildup time @ is

h]ost

Hence, from relation (A-11), we have

-1 L P
Elo 1 - -4 . £ . p in(-sat (A-13)
ost L= S
g c p
a o
fn soneral Lo - .nM during buildup (or else it won't buildup),
hoence we have
Lr Psat
B ~ — ., p @ -
Llost c Isfrl P (A-14)
o
237
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2

c
The saturating flux density will be &~ 1.9 x 10° W/cm‘, so

Pq =~ 4.6 MW, From relation (A-5) the equivalent input from

spontaneous emission is 9.4 uW. Hence, if the ILO is not

injected, then the value of E1 is . ~0.41 J.
ost

The value of Elost can be reduced substantially by injection,

as 1llustrated 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 pulse

will save more than 0.3 J of E .
lost
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INJECTED ENERGY (50 ns PULSE)

0.5uJ Spd  S0uJd  05my  5mJ S
0.3 T T | L ]
O) 2N
z —
r e E FOR NO INJECTION n
2n 04fF LoST :
ul i
-J o
= X
o O
- ™
- —
z-g 5 0.3
@ O .
w -
Z W -
w :_’.;:-:’.'_
w 2 S
D 3 7]
2
S o iR
< 2
1 e o
" N7
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0 l 1 1 | e
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:-:\ -
NEITY

Figure A-1. Saving of Lost Energy by Injection
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APPENDIX B
DESIGN OF MASTER OSCILLATOK FOK INJECTION

The master oscillator must inject the ILO through a shared
mirror of high reflectance. It must inject a beam which 15 pre-
dominantly in the TEMOO mode with Gaussian spot radius of
~0.5 mm. A stable resonator which meets these objectives 1s

b

shown schematically 1n Figure 66. The Kogelnik and L1 type
(1)

analysis gives the parameters that are tabulated 1n Figure
66. The 0.52 mm spot radius at the shared mirror is a suffi-
ciently good match to ensure successful injection of the 1LO.

It is anticipated that an aperture of ~ 1.4 mm diameter,
placed as indicated in the resonator, will allow sufficient modes
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
1s within two times the diffraction limit., Such details will
tfinally be optimized experimentally.

The expected power from this oscillator as a function of the
reflectance of the chared mirror, is plotted in Figure 67. Cutves
are included for different values of the diffraction grating ziti-
ciency, and for an alternative design using only 10 cm length of
active medium,

The curves of Figure 67 are obtained using the relation

®out _ (L - Ry) B 9o 1 \B-1
p (T 7 R, T 71 . )
sat 1 Z—.nW+a
a 172
1. Kogelnik, H. and Li, T., "Laser Beams and Resonators,"

Applied Optics, Vol. 5, No. 10, p. 1550, October 1966.
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e appruprlate valuen ot o the parameters are

EOERE PARAMETER

> Saturation flux density
rRetlectance ot shared mirror

o Etrfective reflectance of grating
Small-signal gain

t lLogs
Length of active medium

. Uutput flux density

i

"o need for a high reflectance tour the

P el oare s ot tree o active medlum 1o toaken

cadolan Spot (6.4 nun o drameter) 1n the medium.

listed 1n Table b-i.

the area of tr.

TARLE B-1. PARAMETERS FOR OSCILLATOR

VALUL
1 x 10° w/cm?
92% 7 9ys
0% 7 93%
10s/cm
0.3%/cm

10 cm, 20 cm

output mirror, whnich

sooalue tne 1njection mirror for the ILO, drives the choice of re-

Tiectance to Ygx. A diffraction efficicncey ot

+

18 the AP o=

praate value for a good commercially obtained grating at this

~aoeienqgth. Hence, from Figure 67, the expected output ot tn

.
o)
i

Paror o wiil o pe about 3 kW, 1.e., 0.15 mJ

Citl.

50 ns pulse.
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APPENDIX C

NARROw BAND HygBr LASEK OPERATION

The laser bandwidth required for the Phase I1 program 1s
i R. As a part of our Phase I work we have demonstrated effi-
cient energy extraction in <1 K by using injection locking (see
Section I1-A-2-0). Therefore, we do not anticlpate any problems
in meeting the present bandwidth requirements. However, for the
planned Phase III laser, a bandwidth of < 0.2 R is required. Tnis
has thus far not been demonstrated. In this section we dlscuss
the physics of narrow band energy extraction relevant to HgBr
lasers and suggest technigues by which the required Phase III
bandwidth may be attained.

The B(°s) x (°z7

) lasing transition of HgBr has
been 1dentified as predominantly a v' = 0 = ¢" = 22 transition,
but no work has been done to clarify the effect of rotational fine
structure or 1sotope shift. Both are examples of inhomogeneous
prienomena which in principle could lead to detrimental effects in
the operation of a laser amplifier designed to amplify a narrow-
spectrum injected signal: If the injected signal 1interacts
strongly with only a fraction of the molecular inversion the .
amphlification of spontaneous emission may eventually lead to a
loss of frequency locking. 1In this section we take a first louk
st the important inhomogeneities and estimate their effect on 1in-
jeetion locking.
The B-X 15 a 2I+ transition, a type whose rotational

tite structure 1S well documented.(l) The significant

et ronar opuantum number 1o K, the total angular momentum
el t g Gpin. Because the spin Is 1/2, each K level (except K

actually split into 2 J levels (J = K + 1/2). The

ctaos rale AF o= 41 leads to two branches a P and R branch. To
R RS IR I s wy«c(rM5quy of HgBr (or any similar diatomic)
S . AVCO EVERETT
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IS
)
Iy
o ':'
has ever been done with sutticirent resolutlion to detect the [ ot ;
ti1onal tine structure, but we can still estimate 1ts magnitude., A, -
. -1 ‘ , o
Tne position (1n. ¢cm ) ot tne fine structure lines may be ~
. - l) - |"
described by ( N
T :\
N
. Y 2 N PN -~ ~ 3
bom o + 2 Bm-(AB) m (C-1} R
o
ANETE is the electronlic frequency; B the average oi the rota- SOy
e - -
tional constant (BU + B-)/2 of the upper () and lower (X) N
level; AB = B: -~ B ; and R
u N
- ‘f
N,
C
m = K, for the P branch w1
= K, +1 for the R brancn A
S
K., =0, 1, 2. . . .
The rotational constant ot elther electronic level mav be -
cotimatea from oo
g
~ h . .. -
B = —-7 (C-2) PR
8r2c e ? s
Hle .
where w 1$ the revuced mass (57 amu) of HgBr and r  the inter- ®
(53 - -
nuclear separation of HgBr. To our knowledge r, has never beon "
mesured, but that of a similar diatomic, HgC., has becn measured B
Y - -8 1 ! _—
to be 2.2 x 10 cm”. We expect re to be very nearly the R
- [, Y
same tor HgBr. Thus we obtain from Eq. (C-2)
1. Herzberg, 6., Diatomic Molecules (Van Nostrand, New YOork, o
1963) . -
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From the emplrical relationship

tional constant %e

2
r . =
e e

and Eq. (C-2) we may now estimate

tional constants to be
AB T 0

where we have used the values‘z)

cm—l. Thus we estimate that B =

The laser operates at a temperature of ~ 500°K.

mal equilibrium the rotational-le

the B-level 1s given by

between L, and the vibra-

constant (C-4)

the difference AB between rota-

.02 em™t

(X) = 187, Ae(B) = 135

:‘;e l

0.06 cm_
In ther-

vel population distribution of

—BuKu(Ku+l)hc/kT

N{k )} “ (2K + 1} e (C-5)

whitch for Bu = 0.05 cm-l and T =

Tnis rmpliles that avout 100 upper
cantly populated. Since the line
transltlons are proportional to K
intensities of the transitions to
From kg. (C-1) we estimate that t
cm T owide and that they are separ

. -1
wlddtnsg (atout 10U cm 7).

S00°K peaks at K, ¥ 60.
rotational levels are signifi-
strengths of the fine-structure
for K ~~ l,(l) we expect the
be proportional to KuN(Ku)'

he P and R branches are about 50

ated by much less than their

£ Wieltand, K., 2. Electroch.
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MaA el
PN I

e
NTUL Ul b recieent resolvineg power toe tpnee structure b e
oot ran 1hlon OO e Desolved, s1nhce the separatlon betweern ol- g
! SUaieraas Lo L. areater than the Doppler widtn

e L2 oem ). In the avsence of collisionc, extraction of :&

Laser power Prom o arell numoer ol rotational lines could be dil- )

ool Py cpgtiro b 1o conaruions (2 Anesjats Arogas, o
- 30X 1014 wluctronu/cm_j, 300-ns laser pulse) nowever, we
Stimate tnat col:istons will contlnuously cugullibrate tne popula-

SN Nt otiee rotationsl Loeveirs, even it all the laser eneruy 1% A

(o1 extract..d on a swall number ol fine-structure transitiong. .
roeoLinate 1s based on a comparison with CO., for which 1t 13 ;

FHAJ“\;,A) tnat at o backagrouna density of ~ 1 Amagat the

roustlonal-level cgutiibration tlme 1s TR T (.15 ns; extraction "

a0 ilviie line aepletes one rotational level, wnlcn 1s continu-

Ul ore,opuiated at o a rate Ro= f/rR, where £ 1s the fractional lj
LLermal o jpopulation 1n that lfevel, Extrapolating to HgBr we expect -
ooeven snovtor T (since the rotational levels are more clocsely

toan those of CO)) and an £ of 0.02, hence we expect <.
R I M(c—‘. Turs rate airone should suffice to continuously .

ceprlete o ocingie rotational level from which laser power 1s bein: f
“tracte.  The presence of electrons will increase R still fur-

Sher ana make this aspect of efficient single-line extraction oven Iy
cree prominine.  in o addition, for simultaneous extraction frew :
el levels R ols wmaltiplied by the number of levels; 1t we o -
b e wmtract withoa 1oom {(U.2 8) spectral~-wiath laser the -

11 levels involved 1S on the order of 10,
Wt ninoour attention to the other major source of lnnouno- -
penee vty chier 1sotupe snift. The two lsotopes ot Br, Br79,

hrd‘, o1 nearly equal abunagance, are responsible for the largest "
it (37 cm—l) which was resolved 1n the sSpectrosScoplc WOrK

5. Schappert, G., appl. Pnys. Lett. 23, 319 (1973).

G . Feldman, .o, ITERL J. Quant. Blectr. QL-9, 1070 (1473). -
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ot Ref. 2. The suifts due to the % 1sctopes of Hg are about a N

factor ot 5 smaller and have not been resolvea. Because of tne .

large widths of tne P and kR branches (as discussed above) we ex- :7

pect that 1 cm—l pandwldth extraction from the various molecules R

containing different Hy 1sotopes to be possible. From the pres- -

ently availavle information it 1s difticult to say wnether 1 cm-l .

extraction from a medium contailning botn l1sovtopes of Br will pe as fa
efficient as broadband extraction. Therefore, it may be nececsary

to use gas contalning only one 1s50tope of Br 1n a device desiygned .

to amplify as a 1 cm-l spectral width signal. ,

Finally, we remark on an aspect whicn in our opinion 1s tne N

most llkely to preduce line proaadenling in an amplifier: The cen- -

tral trequency portion of the injected signal may strongly catu- -

rate the avallable galn, while the spectral wings of the injected ?

s1gnal may see a larger (less saturated) galn. This effect coula -

concelvably i1ntroduce an increase by a facter of the order of 2 in 3

the spectral of the amplified signal over tnat of the injected -

light. Forctunately, this effect i1s easily overcome by injecting a °.

C1gnal wiltih a spectral width narrower than that desired in the

amplitiea signal and/or by carefully suppressing the spectral .

wing:s ot the i1njected signal. ';
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