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A simulation code for an electron-beam-excited XeF (8- X) laser using Ar/Xe/F, gas
mixtures is described. The validity of the code was checked by comparing the computed results
to those obtained in a previously reported experiment with a 65-ns, 1.14-MW/cm?® excitation
pulse. Good agreement is demonstrated for sidelight fluorescence, laser waveforms, output
power, and energy. Furthermore, the simulation code analysis suggests that the XeF laser can
be operated effectively with low-pressure { < 1 aim) Ar/Xe/F, mixtures at room temperature.
A maximum intrinsic efficiency of ~ 3% is obtained at a total pressure of 6.5 atm. Such a iow-
pressure Ar/Xe/F, laser gas mixture would permit operation of a scaled-up XeF laser system
since the intrinsic efficiency is as high as that with conventional high-pressure { ~3 atm) Ne/

Xe/WF, mixtures.

i. INTRODUCTION

The electron-beam- (e-beam-) pumped XeF (B - X) la-
ser efficiency can be improved by means of (1) a gas mixture
which has small photoabsorption coefficients and collisional
quenching rates for XeF*,"? (2) a high initial gas tempera-
ture,” and (3) high-energy density cxcitation.® Many ex-
periments have been performed with Ne/Xe/NF, laser gas
mixtures at around 3-atm total pressure because Ne-diluted
gas mixtures have been considered to be more effective than
Ar-diluted gas mixtures. Litzenberger and Mandl® obtained
a maximum efficiency of 6% for a 3-amagat Ne/Xe/NF,
laser gas mixture at an initial gas temperature of 425 K and
with 500-ns, 300-kW/cm® excitation.

Scaling of a XeF (8- X) excimer laser for fusion or
remote sensing applications cannot be achieved by scaling of
the gain length because of nonsaturable photoabsorption ef-
fects. Therefore, a large aperture is required for a scaled-up
power amplifier, and such a laser should use low-pressure
laser gas mixtures’ which relax the design constraints for
laser optics and e-beam diode foils. Furthermore, it is prefer-
able to use a room-temperature gas mixture for a large-scale
laser system because a high-temperature gas mixture causes
optical distortions in large-aperture windows and/or the gas
mixtuare itself.

In a previous paper® we reported on a comparative study
of the XeF (B - X) laser efficiency using four different low-
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pressure gas mixtures at room temperature, ie., 716-Forr
Ar/Xe/F,, T10-Torr Ar/Xe/NF,;, 1170-Torr Ne/Xe/F,,
and 1170-Torr Ne/Xe/NF;. All mixtures were pumped at
the same high excitation rate of 1.14 MW/cm’ with a 65-ns
e-beam current pulse. We found that the measured intrinsic
efficiency of all four mixtures was ~ 2% in this low-pressure
range.

At total pressures around 1 atm, an Ar-diluted gas mix-

ture is more efficient in depositing the electron-beam energy
into the laser gas mixture than a Ne-diluted mixture because
of its higher stopping power. Figures 1(a) and 1(b) show
calculated ion-ion recombination rate coefficients’ as a func-
tion of total gas pressure. Figure 1{a) depicts the rate con-
stants for the major XeF* formation process:
Xet + F~ 4+ M—XeF* 4 M, and Fig. 1(b) important in-
termediate processes that form XeF* such as Ne™ + F~
+ Ne—»NeF* + Ne and Art +F~ + Ar-Arf* + Ar.
Also, more Ar ions are produced than Ne ions for the same e-
beam-power deposition since the energy loss per ion pair
produced is 26 and 36 eV for Ar and Ne, respectively. The Ar
diluent is considered to be more effective than the Ne diluent
to form XeF* at total pressures below 2 atm. Only a small
difference in laser performance was found for F, and NF,,
and F, is more suitable for high-repetition-rate oper-
ation.'%!! Therefore, for a large-scale XeF laser system, an
Ar/Xe/F, gas mixture will be most suitabie.

A computer simulation is very useful to study the oper-
ational characteristics of the laser with wide variations of
laser parameters. Theoretical analyses of the XeF(B—X)
iaser based on computer simulation were reported by John-
son, Palumbo, and Hunter,'” Blaver et al,”’ Moratz,

© 1990 American Institute of Physics 3832



4 ‘
X&' +F{+M) > XeF (+M)

T ¥ ¥ =T

3t __Ms=Ne .

3

RATE CONSTANT ( x10 Scmsec )

o L1 ) 4 ] b 4,
¢ 1 2 3 4 5 €
{a} NUMBER DENSITY/ N
IA T T T ¥ T

_ 966 Fﬁ(oNe) i

N A Ar)

RATE CONSTANT (x10%cm®/ sec )

0 - I I I} 3
0 1 2 3 4 5 8
(b} NUMBER DENSITY 7 N_

FIG. 1. Calculated ion-ion recombination rate constants at 300 K as a func-
tion of the number density of the third collision atoms (M): (a}
Xet + F (+ M) XeF*( + M), M:==Ne, Ar, and Xe;, (b} Ar‘

+F7(+ Ar)—ArF*( 4+ Ar),and Ne* - F ( 2- Ne). Loschmidt num-
ber: N, = 2.67x 10" em™ "

Sawnders, and Kushner.'* However, in these models Ne/
Xe/NF, or Ne/Xe/F, laser gas mixtures with long pulse
(~1 us), low-density ( ~ 100 kW/cm”’) excitation were in-
vestigated.

This paper describes a comprehensive computer code
for an e-beam-excited XeF (8- X} laser using an Ar/Xe/F,
gas mixture for intense short-pulse excitation conditions.
The mode! prediction using this code is in quite good agree-
ment with former experimental resuits.® The intrinsic effi-
ciency can be improved when the laser is operated below 1-
atm total pressure where the formation rates of
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FIG. 2. Energy flow diagram for an Ar/Xe/F, laser gas mixture. The bold
line shows the dominant pumping reaction channel for the XeFF* (Band C).

photoabsorbers are small, and as a result, the laser extraction
efficiency is greatly improved compared to that of 2-atm
mixiures. A maximum intrinsic efficiency of 39 can be ob-
tained at a total gas pressure of 0.5 atm and at room tempera-
ture according to the model prediciion. This value is as high
as that obtained with a conventional gas mixture, i.e., 3-atm
Ne/Xe/NF;, and therefore it is possible 1o use Ar/Xe/F,
gas mixtures efficiently in a large-scale laser system.

In the following sections details of the model and the
validity of the simulation code are described.

H. MODELING

The main kinetic channels in an Ar/Xe/F, mixture are
summarized in Fig. 2. The dominant pumping reaction
channels for XeF* are ion-ion recombinations, neutral reac-
tions, and displacement reactions.

The numerical model in this paper is basically similar to
the e-beam-excited XeCl laser model reported by Kannari ef
al.'® The model consists of calculations for e-beam depo-
sition, electron temperature, electron reaction rate, and
chemical laser kinetics codes, which can predict the time-
dependent laser performance as well as the optical gain and
absorption characteristics.

Rate equations for each reaction and process are solved
by a fourth-order Runge-Kutta method. All the reaction
processes and the rate constants involved in this model are
shown in Table 1.'°°% The ionization, excitation, and
quenching reactions of the rare gases with secondary elec-
trons are considered functions of the electron temperature.
The temporal secondary-electron temperature is calculated
assuming that the secondary-electron energy distribution is
Maxwellian because of the extremely fast electron-electron
collisions in a mixture of rare gas and halogen excited by an
intense 2-beam, in which the electron temperature is relative-
Iy low {1-2 eV) and the eleciron density is high (10"-10"°
#/cm?). "% The major XeF* formation channels are
treated as functions of gas pressure and temperature.

The XeF(B--X) laser involves electronic transitions
between an upper state B and a lower state X. Furthermore,
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TABLELI A list of reaction rate constants used in the computer simulation for the short-puise e-beam-excited XeF (B — X} laser with Ar/Xe/F, gas mixture.

T, and 7, indicate electron temperature and gas temperature, respectively.

Reaction Rate constant Reference
Electron reaction
Xed-e,~Xe* +e, + e 21.7 eV/¢lectron-ion pair 16
Xe 4 e, »Xe¥ + ¢, 49 eV /excited atom 17
Ar+e,+Art +¢, + ¢, 26.4 cV/electron-ion pair 16
Arde,-Ar* t+ e, 83 eV /excited atom 17
Xe + e, =2 Xe* + e, 3.41( —9T,0803 expl — 11L.8/T, )em’/s 18
Xe + e, 2Xe** + ¢, 2.61{ -8)7.0.0273 exp{ - 14.4/T Yem'/s 18
Xe* e, 2 Xe** + e, 3.13( = 7 T.0.803 exp( — 2.06/7,)em’/s i8
Xe + e, »Xe™ + 2e, 1.92( - 8)7,0.80 exp( — 18.0/7, yem'/s 18
Ke* + ¢, ~Ke™ + 2e, 227( = DT.0.117 exp( — 6.21/T, Yem?/s 18
Xe** + o, —»Xet + 2¢, 6.23( — T.0.12 exp( — 3.60/T, Yem'/s 18
Xe¥ + e, —»Xe,' +e, 283( - 7)T,0.12 exp( — 5.10/7, yem®/s i8
Xe¥ +e,—2Xe + e, 1.0 — Tyem'/s estimated
Xe* 4o, »Xe¥* + e, 1.9( — Tyem'/s 17
Xet(*T) 4+ e, - Xe*('Z) + e, 8.8( — 8)em'/ss 17
Xe*('Z) 4+ e, ~Xe¥(*Z) + e, 3.0( — Dem™/s 17
Xe#* g, »Xe#(*2) + e, 1.0( — &)em'/s 17
Het* e, - XeX (') + e, 3.0( - 7)em/s 17
Ar 4-e 2Ar* 4 ¢, 370 — N T exp( — 17.4/T, Yem?/s 19
Ar e 2 Ar** 4o, 1.05( —8) T exp( — 19.7/T. Yem’/s 19
Ar¥ Lo 2 Artt e 7.24{ — )TV exp{ — 2.28/T, Yem’/s 19
Ar 4+ e —Art + 2e, L75¢ --8)T %% exp( - 23.6/T. dem’/s 19
Ar¥ 4o —Art 4+ 2e, S.18( —8)T ™ exp( — 6.27/T, e’ /s 1
Ar¥* Lo L Art + e, 1410 - T exp( - 4.00/T. )em'/s 19
Arf + e, A, + e, 6.78¢ -~ 8)T " P exp( - 5.25/T . )em’ /s 19
Ar¥ + e, —2Ar +e, 1.0( — T)em’/s estimated
Ar¥ + e ~Arf* Lo, 1.O( - T)em’/s 17
Ar¥e Le S AtE 4 e, LO( - 6)em™/s 17
ArXe* + e, — ArXe” + 2e, 6.60( — 8)T" " exp( — 5.40)/7. yem'/s 19
ArXe* 4 e, —Ar+ Xe+ e, 3.0( - Tyem/s 17
Fote,~F +F 400 - DT, “em'/s 20
F,+e -2F 3.0( — 10)em'/s 21
Fie —F- 1.0( -~ 12)em’/s 21
Neutral reaction
Ar* 4 ZAr— Ar¥ + Ar 3.3( - 32)em®s 22
Ar® 4 Xe + Ar— ArXe* 4+ Ar 1.0{ — 32)em®/s 23
Xe* 4+ 2Ar—-ArXe* + Ar 1.0(—33)em®/s 22
Xe* + Xe + Ar—Xe* + Ar 2.3( -~ 32)em®/s 25
Xe* 4 2Xe-Xe?('S) + Xe 1.7¢ -+ 32)em®/s 24
Xe* 4+ 2Xe-Xe*(°E) + Xe 3.0( — 32)em®/s 24
ArXe* + Xe-XeF('Z) + Ar 3.0 — 32)em®/s 22
Ar¥¢ L Ar Ar* 4+ Ar LO( — 10)em’/s 19
Xe** + Ar—Xe* + Ar 1.O( — 10em'/s 26
Xe** + Xe— Xe* + Xe 1O — 1@)em™/s 26
Ar* + Xe—Xe* + Ar 2.1 - 10)em’/s 23
Ar¥ + Xe—Xe* + 2Ar 2.4( — 10)em’/s 22
Ar¥ + Xe— ArXe* 4 Ar 5.0( - 11)em’/s estimated
Xe* + Xe—2Xe 3.5( - 15)em’s 71
Xe** + 2Xe—Xe¥* + Xe 1O - 3Dem®/s 17
Ar** 4 2Ar - Ar¥* 4 Ar 1.8 - 31)em®/s 17
Xe¥* + M-Xe* 2 Xe + M 1.9 ~ 1)em*/s 17
Ar¥* + MoAr* + Ar+ M 1.0 ~ 1)em'/s 17
Xe*('2)y+ MoXed(P2) + M L3(— 13em'/s 27
Penning ionization
Xe* + Xe¥* = Xet + Xe+e 5.0( — I0em’/s 29
Xe? + Xet»Xe, + 2Xe + ¢ 5.0( — 10)em’/s 29
AT* 4 Ar*—Ar* + Ar+ e 5.0( — 10)em/s 28
AT 4+ Ar¥ oA +2Ar+ e 5.0( — 10)em™/s 22
Charge transfer
Ar* 4+ 2Ar—Ar; + Ar 2.5( — 3)em®/s 17
Ar" 4+ Xe + Ar—ArXe™ + Ar 1.0{ — 3)em®/s 36
Xet + 2Ar—»ArXet + 2Ar 1.0 — 3D em®/s 32
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TABLE 1. (continuedy.

Reaction Reference
Xe* + Xe + Ar—Xe;,” + Ar 2.0( — 31)em®/s 31
Xet + 2Xe—Xe,' + Xe 2.5{ — 31)em®/s 33
Ar,' +2Xe-Xe* + 2Ar 1.0 — 9)em /s 31
ArXet 4+ Xe--Xe,' + Ar Lo — them’/s 34
ArXet + Xe—Xet + Ar + Xe 5.0( — 1Mem'ss 34
Dimer-ion electron recombination
Ar,t 4 e, AT 4 Ar 1.5( - 9)¢( TL,/TP)("’”cm':/S 35
Xeyt + e —-Xe** + Xe L5( - 8)(T,/T.Yem’/s 35
ArXe® 4 e, —Xe¥* 4 Ar L3(— 8)(T,/T,)"em’/s 32
Radiation
Xe*('2) =2Xe + hv 1.82( + 8)/s 36
He¥(P2)-2Xe + hv 1.00(+ 7)/s 36
Ar¥—2Ar 4 Av 6.00( + T)/s 36
ArXe* — Ar 4 Xe + Av 500( + 7)/s estimated
Xe** , Xe* 4 v 1.49( + 73 /s 17
XeF*(B) -+ XeF(X) + Av 6.25( +T7)/s 58
XeF*(B) + Av—XeF(X) + 2hv 4.00( — 16)em™/s 50, 58
XeF*(Cy—-He + F + hv $.96¢ + 0)/s
Xe F*»2Xe + F - Ay 6.58( + 6)/s 53, 54
ArF*—Ar+F + hv 2.38(+ 8)/s 56
Ar,F*-2Ar 4 F + v 4.80¢ + 6)/s 47
Ion-ion recombination
Xet +F (+M)-XeF*(B)( + M) Pressure-dependent
Xe,' + F7(+ M) XeF*(B) + Xe{ + M)
Art A F(+M)-ArF*( + M) rate constant 9
Ary + F7( 4+ M)>XeF¥ + Ar( 4+ M)
ArXe' +F (+ M) - XeF*(B) + Ar( + M)
Neutral formation
Xe* + F,»XeF*(B) + F 7.5( - 10)em’/s 37
Xe** + F,»XeF*(8) + F 7.5( — 10)em?/s 38
Xe* + F,—»XeF*(B) + Xe + F 5.0{ — I0)em'/s 39
Xe¥ 4+ Fy-aXe F* + F 2.5( — 1Dem’/s 40
Xe¥* 4 F,~Xe,F¥(B) + Xe + F 5.0( — 10)em®/s 41
Xes* 4 F,~¥e,F* L F 2.5 — 10)em/s 42
Ar¥ + F,—ArF* + F 1.6( - %)em’/s 37
Ar¥* 4 F, - AtF* 4 F 1.6( — 9)em'/s 45
Ar¥ + F,-ArF* + Ar 4+ F 5.2( — 10yem’/s 46
Ar¥ 4+ F,»Ar,F* + F 250 ~ 10)em’/s 47
Arf* L Fa o ArF* + Ar + F 5.2{ — 10)em’/s 45
At 4 F, o ArF* + F 2.5( — 10)em'/s 4s
ArXe* + F,»XeF*(B) + Ar+ F 5.0( — tOem’/s 39
Displacement XeF* formation
ArF* + Xe— XeF*(B) + Ar 1.6( — 9ecm’/s 43
Ar,F*¥ + Xe— XeF*(B) + 2Ar 2.06( - 10)em’/s 44
Xe,F* relaxation
Xe,F* +Xe-3Xe +F 1.0( — 13)em/s 53, 54
e, F* + Ar—2Xe + F + Ar 2.8( — 14)em'/s 53, 54
Xe,F* + F,~2Xe + 3F 2.0( — i0)cm’/s 70
Xe,F* 4 e, »2Xe +F 4 ¢, 1.0( -~ 7Yem?/s estimated
Ar,F* relaxation
Ar,F* 4+ Ar—-3Ar+F 2.8( — 13)em’/s 47
Ar,F* + F,»2Ar + 3F 2.0( — 10)yem?/s 57
Ar,F¥* e »Ar+F+oe, 1.0 — 7yem'/s estimated
ArF* relaxation
ArF* 4+ Ar—2Ar +F 8.6( — 12)em’/s 43
ArF* + F,—Ar 4 3F 1.8( — 93cm®/s 57
ArF* + e —Ar+F + e, 1.6( — 7yecm’/s 55
ArF* 4+ 2Ar—~3Ar+ F 5.0( — 31)em’/s 47
XeF*(B) relaxation [XeF*(C) relaxation: see text}]
XeF*(B) + Xe-2Xe + F 3.3(— 1em'/s 58
XeF*(B) + Ar—Xe + F + Ar 4.9( — 12)em’/s 49
XeF*(B) + F,—Xe + 3F 3.8( — 10)em’/s 58
XeF*(B) +e,~Xe+F e, 1.5( — 7dem'/ss estimated
XeF*(B) + 2Xe-—~Xe,F + Xe 2.6( — 31)em®/s 48
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TABLE L. (continued).

Reaction Rate constant Refercnce
Xel*(8) + Xe + Ar—Xe,F + Ar 3.0¢ - 3)em®/s 50
HeF*(B) 4 2Ar—Xe + F + 2Ar 7.2( — 32)em®/s 49
Absorption
Xe* - hv - Xe” 2.2( - 19)Yem? 59
Xe¥* 4 hv—Xe™* 1.OC-- 17 em” 60
Xe# 4 hv—Xe,' 1.0( — 19)em? 61
Xe#* + hv-Xe, 1.0¢ — 17)em’ estimated
Xe, Fhv-Xe' +Xe 33(— 17)em” 62
Ar¥ + hv—Ar? 1.i{ - 19)em’ 59
Ar¥* L v Ar? 1.0 - [7)em® 60
Ar¥ - hvos Ary 19( — 19)em? 63
ATFE | s Ay LO( - 1T)em? estimated
Xe¥ - hv—Art + Ar 1.3( - 17)em? 62
ArXe* o fiv-» ArXe ™ 1.0¢ — 19)em? 61
ArXe¥ + hv-Xe™ + Ar 1.00 — 17)em? 64
F, 4+ hv--2F 5.3( — 21)em” 65
F oyhraFore 22( - 18)em’ 66
XeF*B e Cinterconversion
XeF*(R) - Xer2XeF¥(C) +- Xe 4.7( - 1Mem'/s estimated
XeF*(B) + AraeXeF*((C) + Ar 2.4( — 12)em’/s estimated
XeF*(B) + F,eXeF*(C) 4+ T, 240 - 1lem™/s estimated
XeF*(B) + ¢, @XeF*(C) + e, 1.0( — Dem'ss estimated
XeF(X ifetime
XeF{X)—=Xe+ F 2.0( —9sat 300K, latm estimaled

the presence of the closely lower-lying C state must be taken
into account because of collisional mixing of the # and C
states. Numbers of 4.7 1071, 2.4 10712, 2.4x 101,
and 1.0xX 1077 em’/s are used in the calculation for the reac-
tions of XeF*(B) + MaXeF*(C) + M: M = Xe, Ar, F,,
and secondary efectrons, respectively. Since the vibrational
relaxation rates in the B and C states are refativey slow, these
should also be taken into account. In the calculation a num-
ber of 3 167" em’/s reported by Lorents”’ is used as the
vibrational relaxation rates. An accurate model for the B, C,
and X states is necessary because these states directly affect
laser performance.

There are a fow laser transitions between v’ = 0 and 1
levels of the B state and v” =2, 3, 4, and 6 levels of the X
state™’% e.g., v = 0 (B state) »o" = 3 (X state) is a major
laser transition at room temperature. However, in order to
simplify the model, we treated these transitions as a single
laser transition because this model was mainty developed to
describe the laser output power and enegy, and not ta inves-
tigate the spectral characteristics.

Figure 3 shows in detail the upper B and C states as-
sumed in our model. Four vibrational levels, i.e., v = Dand 1,
2, 3, and a reservoir, and seven vibrational levels, e, v = @,
1,2, 3,4, 5, and a reservoir were considered in the B and C
states, respectively. The v = 0 and 1 levels of the B state are
treated as a single level, and high vibrational levels are treat-
ed together as the reservoir. Furthermore, it is assumed that
all the inttially formed XeF* molecules are in the B state, and
40%, 20%, 20%, and 20% of the excited molecules are in
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the reservoir, v=3, 2, and 0 and 1 levels, respectively.”
Since the energy difference (E, — &£, = — 775 cm™ )"
between the B and the Cstates at the bottom of the potential
curve is exceptionally large in comparison to the other rare-

XeF* formation

C-state B-state

laser

%

FIG. 3. Upper state model of XeF laser with considerations of vibrational
relaxation and the B-C mixing process.

Nishida ef a/. 3936



gas halide excimers, the B-C mixing is assumed to occur only
between the reservoirs.

The bonding energy in the X state is also much larger
(D, = 1175 cm™ '} than that of the other rare-gas halide
excimers, and the lower levels of the XeF (B — X) laser tran-
sitions are near theé bottom of the energy potential curve
(v" = 12,3, 4, and 6). Therefore, the XeF (8- X) laser per-
formance depends on the number densities of molecules in
the v” =2, 3, 4, and 6 levels which vary with vibrational
relaxations and collisional dissociations. The rates for these
reactions were reported in detail by Fulghum, Feld, and Ja-
van,”” Wilkins,’® and Bott ez al.”” The vibrational relaxation
and dissociation rates in the X state can be combined, and the
decay rate of the X state was described in terms of the life-
time. Since the vibrational relaxation rates or the dissocia-
tion rates depend on gas temperatures, the lifetime was treat-
ed as a function of gas temperature.

The XeF* electron quenching rate affects the laser out-
put dependence of F, or Xe fractions in the laser gas mix-
tures {see Fig. 5). Quenching rate coefficients for XeF* (8)
of 7 1078 cm®/s (Ref. 78) (obtained theoretically) and
4%10° 7 cm’/s (Ref. 48) (obtained experimentally) were
reported. However, we use 1.5 X 1077 cm”/s for the rate co-
efficient because this value has been successfully applied to
simulation codes for other rare-gas halide excimer lasers.

. VALIDATION OF THE COMPUTER MODEL

The validity of the simulation code was confirmed by
comparing the computed results to those obtained in a pre-
viously reported experiment.® The sidelight waveforms ob-
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FIG. 4. Comparison of the calculated (a) XeF(B—-X) fluorescence and
(b) laser waveform with experimental result. The mixture was composed of
Ar/Xe/F, == 93.2/6.0/0.8% at a total pressure of 711 Torr and excitation
rate of 1.1 MW/cm’.
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tained from calculations and in the experiment are shown in
Fig. 4 together with the e-beam-current pulse waveform.
The conditions used in the calculation are the same as those
of the experiment. Because these results show agreement in
rise time and pulse width, the model for XeF*(#) formation
and quenching channels must be valid.

Figure 4 also shows a comparison of the laser waveform
obtained from theory and the previous experiment. Both re-
sults agree and confirm the model for the X state.

Figure 5 shows a comparison of dependence of the laser
energy on fractions of Xe and F,, and the lotal pressure
between calculated results and experiment. The conditions
are shown in each figure. The calculated results agree well
with the experimental results in each case. From these re-
sults it is possible to conclude that our mode! is valid to
investigate the temporal evolution of both laser intensity and
energy.

V. RESULTS AND DISCUSSION

A theoretical analysis was conducted using a simulation
code to opiunize the short-pulse e-beam-pumped
XeF (8- X) laser performance for total pressure and pump-
ing density. In the calculation of Fig. 4, it was found that the
saturation intensity 7. is small (7, ~0.5 MW/cm?”). There-
fore, the gain saturates early in the pumping period. In Ar/
Xe/F, laser gas mixtures, the photoabsorption cross sec-
tions of the products from the diluent gas, i.¢., rare-gas dimer
ions, rare-gas dimers, and excited rare gases, are 10-100
times larger than those in conventional Ne/Xe/NF; mix-
tures. Especially, the rare-gas dimer ions and the rare-gas
dimers are the major photoabsorbers in the XeF laser kinet-
ics. Since these absorbers are formed through three-body
collisional reactions, the absorption increases proportionally
to the square of the total pressure. On the other hand, the
ion-ion recombination, which is the major reaction to form
XeF*, is also a three-body reaction, which is not proportion-
al to the squarc of the total pressure.” The maximum reac-
tion rate for the Ar diluent is obtained at 1-2 atm. Therefore,
the extraction and intrinsic efficiency can be improved at a
fow total gas pressure { <1 atm) when the absorbers de-
crease while the XeF* formation does not.

A 60-cm-length intracavity model (50-cm-long excita-
tion region along the optical path) is used for this analysis in
order to reduce the absorption by F, and the resonator [osses
from optical windows (in the calculation of Figs. 4 and 5, the
losses trom windows are taken into account). The e-beam
waveform used in the calculation is the same as that used in
the experiments (sce Fig. 4). The subsequent calculations
are conducted with optimized values of the Xe and ¥, frac-
tion and the output coupling, e.g., 18% Xe, 1.4% F,, and
70% coupling for 1.2-MW/cm” excitation rate at total pres-
sure of 0.5 atm.

The calculated specific laser energy and the intrinsic ef-
ficiency with the same excitation rate as that of the experi-
ment (1.14 MW/cm?, 65 ns FWHM at 711 Torr) are shown
in Fig. 6. The maximum intrinsic efficiency of ~ 3% is ob-
tained at a low total pressure (4.5 atm). Figure 7 shows the
calculated small signal gain g, absorption a, and g,/ for
the same conditions as in Fig. 6. With increasing total pres-
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sure, g, saturates and « increases, and consequently go/a
decreases. The ratio g,/a also decreases below 0.5-atm total
pressure, because the absorption by ¥, increases for this total
pressure range. The formation rate of XeF* and the extrac-
tion efficiency are shown in Fig. 8 as a function of the total
pressure. The formation rate below 0.5 atm is even higher
than that at 0.5 atm with optimization of the laser gas mix-
ture. As a result, the intrinsic efficiency depends somewhat
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FIG. 5. Comparison of the laser output energy obtained from theory (solid
lines) and experiment {open circles) as a function of {a) Xe concentration,
(b) F, concentration, and (c) total gas pressure. The excitation rate is 1.1
MW /cm? and the output coupler reflectivity, R, = 409%.

on the total gas pressure, and the maximum value is obtained
in the range of 0.5-0.7 atm.

Figure 9 shows the intrinsic efficiencies as a function of
the excitation rate for various total pressures. It should be
noted that the unit of the excitation rate is in MW/cm’ atm.
Therefore, the dependence of laser energy on total gas pres-
sure in a laser can be seen easily. Constant efficiencies can be
obtained for a broad excitation rate (0.5-2 MW/cm’ atm).
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The maximum intrinsic efficiency of 3% is as high as that
obtained with Ne/Xe/NF, gas mixtures at room tempera-
ture.
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FIG. 7. Calculated small signal gain g, absorption coefficient a, and g/
as a function of total gas pressure.
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Y. CONCLUSION

We have developed the computer-simulation code for a
short-pulse e-beam-excited XeF(B-X) laser operating
with Ar/Xe/F, laser gas mixtures. This simulation code
shows good agreement with the results of a previous experi-
ment.*
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FIG. 9. Calculated intrinsic efficiency 7, as a function of excitation rate
(MW /cm® atm) at various total gas pressures of 0.25, 0.5, 0.75, 1.0, 1.5,
and 2.0 atm.
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The calculation suggests that a maximum intrinsic effi-
ciency of almost 3% can be obtained at room temperature
with the Ar/Xe/F, mixture which previously kas been con-
sidered not suitable for the XeF (B - .X) laser because of its
photoabsorptions and high quenching rates for XeF*. The
result was obtained with a low total gas pressure ( < 1 atm)
where the formation of major absorbers (rare-gas dimers
and dimer ions) is small and the extraction efficiency is high.
Also, it is found that this highly efficient operation can be
obtained for a wide total pressure range (0.4-0.8 atm) and
excitation rate range (0.5-2.0 MW/cm?® atm).

Consequently, this study shows that short-pulse e-
beam-excited XeF(B—-X) lasers can be effectively scaled
with a low-total-pressure Ar/Xe/F, gas mixture at room
temperature, which is more convenient than a conventional
high-total-pressure Ne/Xe/NF, gas mixture at elevated
temperatures.
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