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The bandwidth of excimer lasers is typically 1-30 A as a result of their transitions being
multiline or bound-free. To obtain high power with narrow bandwidth injection locking is
usually required. In this paper, we investigate the spectral characteristics of electric-discharge-
pumped XeCl (B— X) lasers during injection locking and free-running operation. This study is
performed using results from an eleciron kinetics and plasma chemistry model for Ne/Xe/
HCU/H, mixtures which includes multiline laser extraction. We find that the experimentaily
observed lasing spectrum cannot be explained if a thermal distribution is used for the
vibrational levels of the X state. Therefore, the vibrational levels of the B, C, and X states are
explicitly included in the model and the gain spectrum is computed using Franck-Condon
factors. Results from the model indicate that bottlenecking cccursonthe v’ =0-0" =1
transition, while the dissociation rate for XeCl{(X,&" = 2) is faster than the removal rate for
XeCl(X,v" = 1). Injection locking characteristics are examined as a function of injection
intensity and small-signal gain. Due to noneqguilibrium dynamics in the ground state, locking
efficiency does not necessarily increase with increasing smali-signal gain.

L INTRODUCTION

While KrF and ArF 8- X excimer lasers operate on
bound-free transitions, XeF and Xe(Cl B— X excimer lasers
operate on bound-bound transitions. The binding energy of
XeF(X) is =~ 1000 cm ! while that of XeCl(X) is =200
cm™.1* The rates of collisional decay for the low-lying vi-
brational levels of the X state are therefore important in de-
termining the spectrum and efficiency of XeF and XeClL
Xe1 lasers can be operated with long optical pulses (> 10
ns) which implies that the rate of removal of population in
the X state must be commensurate with the rate of popula-
tion of that state by optical saturation. Given typical rate
constants for electron and heavy particle reactions, only
collisions with the buffer gas are frequent enough to be re-
sponsible for the observed rate of quenching of XeCl(X).

Removal of population from specific vibrational levels
in the X state of XeCl occurs dominantly by two processes.
Vibrational-translational (VT) collisions redistribute the
population of the X state among the vibrational levels while
collisional dissociation directly removes population from
the X state. Fulghum, Feld, and Javan have experimentally
studied the collisicnal decay rates for low-lying vibrational
levels of XeF(X).®> They concluded that the VT processes
rapidly equilibrate the X-state vibrational manifold. The dif-
ferent vibrational levels were found to decay at 2 common
rate with disscciation primarily occurring from the highest
vibrational levels. Although no definitive similar measure-
ments have been reported for XeCl(X), vibrational relaxa-
tion and thermalization of the vibrational levels of XeCl(X)
are usually assumed to occur on a time scale that is less than
the effective lifetimne of the upper laser level.** This assump-
tion is based on the fact that the vibrational level spacing in
the X state ( ~20 cm™')° is small compared to kT, (T, is
the gas temperature ). For this reason, one would also expect
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XeCH(X) to collisionally dissociate at a rate which is close to
the gas kinetic rate since the dissociation energy is commen-
surate with k7. This assumption requires close coupling
between the internal and translational modes of XeCl(X).
Early experiments, though, indicated that the decay rates for
low-lying vibrational levels of XeCl(X) " may be too slow to
enable the XeCl laser to operate with the observed efficien-
cies.®? Although these early results are not totally conclu-
sive, the assumption that the vibrational distribution of
XeCl(X) is in thermal equilibrium may be suspect,

In high-pressure gas mixtures ( > 1 atm) the strongest
XeCl(B - X) faser lines are four vibrational transitions near
308 nm which originate from XeCl(B,0' = 0) and terminate
onthev” =0, 1, 2, and 3 vibrational levels of XeCl(X).>* At
high pressures, the vibrationai distribution of XeCl(B,v') is
often assumed to be in an equilibrium Boltzmann distribu-
tion at the gas temperature.” Corkum and Taylor, though,
have inferred the populations of XeCl(B,0" = 0,1) from gain
spectra they measured in a discharge-pumped XeCl laser.*
They concluded that the vibrational temperature of the B
state would need to be far in excess of the gas temperature if
the vibrational distribution was thermally distributed. Simi-
lar gain spectra for a discharge-pumped XeCl laser have
been reported by Bourne and Alcock.’ Total gain and effi-
ciency of XeCl(B—X) lasers will logically depend on the
vibrational distribution of XeCl(8,v") and the fraction of B-
state population in @' = 0. The laser spectrum, however,
does not directly depend on the vibrational distribution in
the B state since ali transitions of interest originate on
XeCl{B,v' = 0). The spectrum, rather, depends on the oscil-
lator strengths of the transitions and the vibrational distribu-
tion of population in XeCl{X,v"). Consequently, the dy-
namics of the redistribution of population in the ground state
is the key factor in determining the lasing spectra of Xe(l
lasers.

In this paper we examine the effect of the rates of colli-
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sional dissociation for low-lying vibrational levels of
XeCl(X,v") and the rate of vibrational thermalization of the
XeCH X,v") on the lasing spectra of electric-discharge-
pumped XeCl{B - X) lasers. This study is performed with
results from a computer model for electric-discharge-
pumped XeCl lasers using Ne/Xe/HCI/H, mixtures. The
model includes an electrical discharge circuit and the perti-
nent heavy particle and electron coilision processes as do
other excimer laser models. We have improved upon those
models by vibrationally resolving the B, C, and X states, by
calculating the wavelength dependence of the gain near 308
nm, and by including multiline laser extraction. The gain
spectrum is calculated using Franck-Condon factors and
the vibrational-rotational populations in the upper ané low-
er laser levels.

Part of the motivation for this study was to identify the
optimum conditions for injection locking discharge pumped
XeCl(B - X) lasers, Injection locking is effective in produc-
ing high-power radiation having a narrow bandwidth from
sources which oscillate free-running with a broadband spee-
tram. This technique involves injecting the output of a nar-
row-band low-power source into the optical cavity of a
broadband high-power laser. The injected signal provides a
spectral mode which, in principal, should dominate over
those modes which would otherwise build up from spontane-
ous emission. Consequently, the increase in intensity for the
injected mode is larger than the others. The rate of increase,
though, is strongly dependent on the injection intensity and
the small-signal gain of the active medium. If the injected
mode saturates the spectral properties of the active medium
may then begin to dominate, and the laser may revert to its
free-running spectrum. To investigate these issues injection
focking characteristics of discharge-pumped XeCl(B-X)
lasers were analyzed as a function of injection intensity and
small-signal gain based on calcnlation of the dynamic gain
spectrum. Computed spectral characteristics were com-
pared to the experimental results of Bonrne and Alcock.” We
find that in order to explain the observed spectral character-
istics of discharge pumped XeCl lasers, the vibrational dis-
tribution of the X state cannot be assumed to be in thermal
equilibrium and, in fact, significant bottlenecking must oc-
cur.

The model is described in Sec. II, followed by a discus-
sion of computed laser specira in Sec. I11. The characteris-
tics of injection-locked iasers are discussed in Sec. [V, and
the dependence of those characteristics on gain and position
in the discharge are discussed in Secs. V and VI. Concluding
remarks are in Sec. ViL

. DESCRIPTION OF THE MODEL

The model used in this study is based on those reported
in Refs. 10 and 11 for discharge-pumped XeCl(B—X) la-
sers. The model for the discharge circuit using spikers and
magnetic diodes and the method of incorporation of the elec-
tron impact rate coeflicients into the kinetics were taken
from Ref. 10. The heavy particle reaction scheme and rate
coefficients are based on those from Ref. 11. As improve-
ments {0 those models, we also include reactions in the plas-
ma kinetics relating to H, to carefully treat the effect of HC!
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depletion on laser performance which occurs during long
pumping. We also explicitly included the vibrational levels
of the XeCl B, C, and X states, and included an analysis of
the laser spectrum. Multiwavelength laser extraction is also
accounted for. The spectrum of the laser gain is dominated
by vibrational relaxation in both the upper and fower laser
levels, and dissociation in the lower laser level. Since these
processes are strongly dependent on the gas temperature, we
aiso included gas temperature as a variable.

The structure of our model is similar to that of models
for discharge-pumped Xe(l(B—-X) lasers previously re-
ported and therefore will only be briefly reviewed.*!"'> The
model consists of three submodels for the electrical dis-
charge circuit, heavy particle and electron collision kinetics
in the plasma, and optical extracticn. The rate constants for
electron collision processes are calculated by solving Boltz-
mann’s equation for the electron distribution function in-
cluding electron-electron collisions and superelastic colli-
sions. The numerical procedure for solving Boltzmann’s
equation is basically the same as that reported by Johnson,
Palumbe, and Hunter."? Operationally, Beitzmann’s equa-
tior: is solved offiine and parametrized as a function of gas
mixture, £ /N, electron density, and excitation density. The
resulting electron impact rate coefficients and transport co-
efficients are placed in a multidimensional look-up table
which is interpolated during execution of the code.

A, Processes relating to XeCl(&F)

In order to accurately represent the gain dynamics in
high pressure XeCl(B— X) discharge lasers, it is necessary
to obtain the popuiation for XeCl(B,v' = 0). This value is
determined by the combined effects of the excitation rates
for the B and C states, the vibrational relaxation within both
the B and C states, mixing of the B state with the C state,
collisional quenching, and stimulated emission. The branch-
ing ratios for the initial distribution of XeCI(H) and
XeCi(C) from excitation reactions was obtained from the
results of kinetic studies of electron-beam-pumped Ne/Xe/
HCl and Ar/Xe/HCI gas mixtures,'*'® The branching ra-
tios of XeCl{R) and XeCl({) obtained from these studies
are 0.77 and 0.23, respectively, and we used these values in
the model. Since excitation in both e-beam and discharge-
pumped lasers is dominated by ion-ion neutralization (e.g.,
HXet + 17 4 Ne—XeCl* 4 Ne) the use of branching ra-
tios derived from e-beam excitation are likely to be val-
id‘&?,l 1,12

State-to-state relaxation processes forXeCl(£,C) have
been experimentally investigated in low-pressure mixtures.
The results indicate that the rates of vibrational relaxation in
the B state, and of mixing between the B and C vibrational
levels, increase with increasing vibrational level. These rates
are not fast encugh in Ne buffers, though, to be treated as an
instantaneous relaxation to thermal equilibrium.'®"” From
an analysis of the fluorescence of B Xand C— 4 transitions
in low-pressure mixtures, Dreiling and Setser concluded'®
that the vibrational relaxation rate in Ar buffers can be ap-
proximated as increasing exponentially with increasing vi-
brational level. In this approximation the probability for vi-
brational relaxation scales asexp| — (bAe/ k T,)} where Ae
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is the energy separation between the vibrational levels and &
is a semiempirical factor (0.11 for Ar collisions).

The vibrational spacing for the B state has been experi-
mentaily measured as ~195 cm™' by Sur, Hui, and Tel-
linghuisen.® No experimental value for the C state has been
reported though a value of 188 cm™! has been reported
based on an ab initio calculation.” The vibrational energy
spacing for the B and C states in the nodel was taken as 195
and 188 cm ™, respectively. From an analysis of the fluores-
cence intensities for B—~X and C—4 transitions, the B-C
energy separation has been estimated tobe B, — £, = 128,
220, and 280 cm ™! by Tellinghuisen and McKeever,'® Bra-
shears, Setser, and Yu,”” and Lo and Zheng,?! respectively.
The B-C energy separation is therefore approximately equal
to the vibrational spacing in the B and C states and approxi-
mately equal to £7,,.>'® The uncertainty in the value of the
B-C energy separation is therefore expected to exert little
influence on the vibrational distribution among the lowest
vibrational levels since there is not a large activation energy
barrier to overcome. In this work we chose £, — E. = 200
cem ™l

" To account for vibrational relaxation and mixing in the
model we resolved the & and C states into five vibrational
levels (v = 0-4). Quenching reactions out of XeCl{B,v'}
and XeCl{(C,v') are identical for all vibrational levels and are
listed in Table [. Working on the assumption that excitation
of the & and C states cccurs high in their vibrational mani-
folds, we have all excitation feed XeCl{B,»' =4) and
XeCl(C,»' = 4).** This assumption is equivalent to having
an instantaneous relaxation to v" = 4 within the B and C
states without mixing between them. Mixing between
XeCl(B,v') and XeCl(C,v') was treated as follows. For the
v' =0, 1,2, and 3 levels of XeCl1(B,'), exchange occurs with
the v’ + 1 level of the C state:

XeCl{Bv') + NeeXeCl(Cy' + 1) 4+ Ne. (1)
Exchange occurs directly between the v’ + ¢ level of the B
and C states to account for exchange between higher vibra-
ticnal levels,

XeCl{(BY = 4) + Ne=2XeCl{Cv' = 4) + Ne. {2)

A rate constant of 4.8 X 107 cm” 57! was used for all ex-
othermic vibrational exchange reactions.!® Detailed balance
based on the gas temperature was used to obtain the reverse
rates. Recent measurements of the fluorescence intensity ra-

TABLE I. Rate constants for XeCl* quenching.

ticof B—X and C—4 transitions at high current densities in
discharge-pumped XeCl lasers have shown that electron col-
lision mixing is insignificant at high gas pressures.’! There-
fore, electron collision mixing of the B and € states was not
included in the model. The rate constants used in the model
for collisional relaxation by neon (v'—v' — 1) in both
XeCl(B) and XeCl(C) are 7.3%X 107 P em® s~ for v <3 and
1.5 10" em® s~ for v’ = 4. The rate constants for re-
verse reactions (v'—v' + 1) were obtained by detailed bal-
ance based on the gas temperature. Collisional relaxation by
two and three quanta was also included using rate constants
having values 0.9 and 0.8, respectively, of that for the single
guanta relaxation as given by energy gap scaling. The vibra-
tional relaxation and B-C mixing due to collisions with Xe
are treated similarly to that for Ne using the rate constants
reported in Ref. 23. The rate constant used for B-C mxing by
collisions with xenon is 1.1 X 107 ¢cm® s~ . Collisional re-
laxation by xenon within the B and C states proceeds with
rate comstants of 2.0x107" cm®*s™! for v'<3 and
40X 107 %cm’s™  for v = 4.

The main pathways resulting in the production of the
XeCl* excimer in discharges and ¢ beams are fairly well un-
derstood.®'>?*® The dominant processes for formation of
XeCl* are three-body ion-ion neutralization reactions such
as

Ket + ClI™ + Ne—XeCl* 4 Ne, (3
NeXet 4+ Cl™ 4+ Ne—XeCl* + Ne + Ne, (%)

where CI™ is predominantly formed by the dissociative ai-
tachment of electrons to vibrationally excited HCl{(v = 1,2).
Since lean mixtures (Xe mole fraction < 1% and HC! frac-
tions <0.19%) as are usually used for discharge-pumped
XeCl lasers, the ion-ion neutralization reaction

Xe,b + CI™ + Ne-XeCl* 4 Xe + Ne (5}
and the neutral harpooning processes such as
Xe* + HClv =12y - XeCl* + H {6)

contribute little to the formation of XeCl*, even at high pres-
sures { > 1 atm). In any XeCl* formation processes HCl is
required as a feedstock, either directly or as the precursor to
C17. For long pumping times, the depletion of the HCl mole-
cule will therefore be important. The reactions which replen-
ish the HCl, such as

Process Rate constant® Reference
XeCl* 4+ Ne—-Xe + Cl + Ne 1LO( — 14) Estimated
XeCl* + Xe—-Xe + Cl + Xe 2.1( - 12) 22
XeCl* + HCl-»Xe + Cl + HCI 6.3( - 18) 23
XeCl* + HCl(v = 1) —»Xe + Cl 4 HCI 6.3( — 10)°
XeCl* + HCl(v =2)—»Xe 4+ C1 + HC1 6.3( — 10)®
XeCl* + Cl,»Xe + Cl+ ClL+ Ch 4.3( — 10) 23
XeCl* - Ne + Ne—-Xe + Cl + Ne + Ne 1.0( — 34y cmfs™! Estimated
XeCl* + Xe + Xe—Xe, (1% + Xe 4.0( —31) em®s! 15
XeCl* + Xe + Ne—Xe,Cl* + Ne 5.0( —32) cm®s ™! Estimated
XeCl* +e—~Xe 4+ Cl4-e 18(—-7) is
*cm?® 57! unless otherwise noted.
® Analogy to XeCi* 4+ HCL
4140 J. Appl. Phys., Vol. 65, No. 11, 1 June 1889 M. Chwa and M. J. Kushner 4140




Cl +H + Ne—-HC! + Ne, (7}

are so slow {5.5xX 1072 em®s ') that HCI will be con-
sumed as the discharge proceeds. Depletion of HCI de-
creases the XeCl* formation rate and increases the rate of
collision quenching due to the increase in electron density
which is caused by the reduction of the attaching species.

Hydrogen, often used as a trace additive to XeCl gas
mixtures, can influence the HCl balance as well as the elec-
tron kinetics. Adhkamov et al*® performed a parametric
study on the effect of H, addition on laser performance.
They observed an imrovement in the laser output energy as
well as an improvement in reproducibility from one pulse to
another. They proposed that cooling of electreons due to vi-
brational excitation of H, increases the rate of vibrational
excitation of HCI by better matching of the electron distribu-
tion function to those cross sections and by the exchange
reaction

H (v =1) + HCI-HCl(v = 1,2) + H,. (8)

The increased density of HCI(v) leads to dissociative attach-
ment and harpooning reactions which are the precursors to
XeCl*, Even for mixtures which do not initially include H,,
the molecule will be generated by the reaction

H + H+ Ne—H, + Ne (9)

though this is also a slow process. To account for these pro-
cesses we included the vibrational excitation, relaxation, and
dissociation of H,. We used a rate constant of 6.0x 107!
em’®s™! for reaction (8) with equal branching to
HCl(w = 1,2).

B. Galn spectrum

The model for the gain spectrum used in this work for
XeCl(B— X} emission is similar o that reported by Adamo-
vich et ¢1.%" In the model the gain at frequency v, g(v), is
given by

3 4

max

g =3 3 FIHER,

=0 J

(10)

2 L
FUi—K s ¢ J{ [XeCl{(B,y' =0)]

V7 0y
woxp ( —~BUJ 1))  XeCl(X.v")
kT, Oc

—B"HJ+1)
Xexp< i, )]

“ ’ ”» 7/ i1
Xf = 0p" ) L, (11)
Y(AIJP,R)2
_{1(1<J<20)
T li20y

Avpg = [Ey —Ey +BJ(J T1) —B"JJ + 1)]/h—»,
(12)

where 7 is the broadening coefficient, 7 is the radiative life-
time, {p ~ are the rotational partition functions, and Ej
are the absolute (including electronic) energies of the vibra-
tional levels. P and R refer to the rotational transitions of
J-J+ 1 and J—J — I, respectively. f{v',v",F) are the
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Franck-Condon factors and the broadening coeflicient was
4% 10% atm s~ . The contributions of rotational levels up to
dissociation limit (J=60) for the P and R branches are tak-
en into account. Rotational constants were obtained from
Sur, Hui, and Tellinghuisen.® A value of B’ = 0.066% cm ™ °
was used for all levels of XeCl{B). For XeCl{X,v") we used
B' =003 cm™ ! for XeCl{Xv" =0) and B’ =0.0274
cm ! for XeCl (X,v" = 12). Intermediate values were ob-
tained by lLinear interpolation. Franck-Condon factors we
obtained from the calculations of Sur, Hui, and Tellinghui-
sen” assuming rotational thermalization in both the Band X
states. As Franck-Condon factors were only available for
J =0 and J = 50, factors for intermediate values of J were
obtained by linear interpolation.

tH. LASER SPECTRA AND DENSITIES OF XeCl{g,0.X:v)

In this section we will discuss simulated laser spectra for
the XeCl(B— X) transition and their relation to the distribu-
tion of vibrational levels in XeCl B, C and X states. To check
the validity of our model we compared our resulis to the
experiments reported by Fisher ef al.'” Their laser discharge
had a 3.8 cm high by 3 cm wide by 60 cm long volume and
used a spiker-magnetic diode circuit. The optical cavity con-
sisted of 2 maximum reflector and a 20% reflectivity output
mirror separated by 1.05 m. The gas mixture was Ne/Xe/
HC = 99.47/0.5/0.03 at 5 atm. With 70.7 J stored on the
spiker and pulse forming line, the output energy was as much
as 2.6 ¥ with a pulse width of =~ 150 ns. Our model predicts a
total laser output energy of 2.8 J with an overall efficiency of
3.9% which agrees well with experiments. The computed
efficiency results from an energy deposition efficiency of
85% and an intrinsic laser efficiency of 4.5%. The intrinsic
efficiency is the product of a formation efficiency of 129% and
an extraction efficiency of 39%. The calculated peak pump-
ing density is 0.4 MW cm™ * which is obtained at ~ 150 ns
after breakdown of the gas.

Time histories of the vibrational populations of the up-
per laser level (& and ) for the discharge conditions of
Fisher et ¢l.'® are shown in Fig. 1 without lasing. The level
having the maximum density in each state is v =0 even
though excitation of XeCl* initially forms in v = 4, thereby
indicating rapid vibrational relaxation compared to the rate
of quenching and radiative decay. The total populations in
XeCl{B) and XeCl(C) are similar with the total density in
XeCl(C) being approximately 25% larger even though for-
mation of XeCl* favors XeCl{R}. This condition results, in
part, from the higher rate of spontaneous emission from
XeCl(B). The tight coupling between XeCH(B) and
XeCl(C) by v-v exchange, and the fact that the C staie is
energetically lower than the B state would, by themselves,
result in larges equilibrium density in XeCl{( ).

The calculated smali-signal gain spectra near 308.0 nin
for the pumping conditions of Fisher et @/, are shown in Fig.
2. For these results we assumed that the vibrational distribu-
tions in the B and X states are in equilibrium. The fotal densi-
ties of XeClUB) and XeCl(X) are 2X 10" and 1x10%
cm ®, respectively. The total gas pressure is 5 atm, and we
show specira for different gas temperatures. High gas tem-
peratures, as may occur with prolonged pumping, reduce
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FIG. 1. Densities of the vibrational levels in the (a) B state and (b) Cstate
of XeCl during the current phase through a discharge excited Ne/Xe/
HCl = 99.47/0.5/0.03 mixture. The pressureis 5 atm and the average pow-
er deposition is 400 kW c¢m . The densities of the v = 4 level in both the B
and Cstates are intended to represent the density of that level and all higher-
lying vibrational levels. Formation of XeCl(B) and XeCl( () therefore ac-
curs in v = 4 as an approximation to excitation occurring in highly excited
vibrational levels.

peak gain at the laser wavelengths. This effect is due primar-
ily to a redistribution of population in the upper laser level to
higher vibrational and rotational levels. We also find that the

decrease in gain increases with increasing wavelengths. This

effect results from the rotational distribution for the higher

TTE) °r o=l (022 7
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Z 4 . o0-0 -
g =4
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FIG. 2. Synthesized gain spectrum for the XeCl(8- X) transition at gas
temperatures of 300, 350, and 400 K. The transitions are for
XeClH{(B,V' = 0) > XeCl(X,v" = 0,1,2,3) progressing from lower to higher
wavelength. For this example, the rotational and vibrational distributions
are assumed to be in equilibrivm with the gas temperature. Gain decreases
with increasing gas temperature due to shifting of population to higher rota-
tional states.
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vibrational levels of XeCl{X) being more sensitive to the gas
temperature due to their smaller rotational constants.

In their study of the spectra discharge-pumped
XeCl{ B2 X) lasers Bourne and Alcock found that the out-
put energy in the free-running system is nearly equally divid-
ed between O — 1 and 0 — 2 transitions.” | The notation v’ — "
refers to the XeCl(B,v') - XeCl(X,v") transition.] Both of
the lines reach threshold and terminate at the same time.
They also found that when injection locking the laser, the
percentage of energy extracted at the injected wavelength is
strongly dependent on wavelength. The locking efficiency
(fraction: of total laser energy at the injected wavelength)
dropped off rapidly as the injection source was tuned away
from the two free-running transitions (0—1, 0—-2). When
the injected signal was tuned away from these transitions,
laser oscillation initially occurred at the injected wavelength
and subsequently reverted to the 0— | and 0— 2 transitions,
Bourne and Alcock suggested that when modeling a free-
running XeCl laser system the two lines 01 and 02
should be given approximately equal weight.® Lyutskanov,
Khristov, and Tomov also measured the laser energy spec-
trum and found that in the free-running osciliator the 0— |
and 0— 2 transitions are approximately equal in energy.”®
We will fing that the time dependence of the spectrum of an
injection-locked laser depends strongly on the degree of sat-
uration of the XeCl(B,v' = 0) level and the redistribution of
population in the vibrational levels of the X state.

Calculated time histories of laser power and gain for the
v =0-p" =9,1,2,and 3 transitions are shown in Fig. 3 for
a free-running system. For these results we assumed that the
vibrational distribution in the X state is in thermal equilibri-
um at 7,. The pumping and cavity conditions are the same
as the experiments of Fisher er a/.'® Laser oscillation for each
B X vibrational transition is assumed to occur at the wave-
length for which gain is maximum, and the gain shown in
Fig. 3(b) are for these wavelengths. Note that the 0— 1 tran-
sition dominates. Using the self-consistent oscillator
strengths obtained from our analysis incorporating Franck—
Condon factors, these results are not consistent with the ob-
servation that the laser output energy for the 01 and 02
should be approximately equal. Both of the lines, though,
build up and terminate at the same time as observed experi-
mentally. Gain on the G— ! transition is slightly higher than
that on the 02 transition both before and during laser os-
cilfation {see Fig. 3(b) ], and the intensity for that transition
is preferably amplified. In order to explain the experimental-
ly observed ratio of laser energy between the 01 and 02
transitions while using our self-consistent gain spectrum, the
saturation intensity for the 0—1 transition must be lower
than that for the 02 transition. Since these transitions
share the same upper level, the decay time for the
XeCl(X,v" = 1) vibrational level must then be longer than
that for the XeCl(X,v” = 2) level; that is, bottlenecking
must occur on the 0— 1 transition.

En order to introduce the necessary bottlenecking on the
0—1 transtion into the gain spectrum, we modeled the X
state conceptually having eight effective species. Four spe-
cies represent the density of XeCl{(X,v"),v" =0,1,2,and 3
which would result from being in equilibrium with the in-
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FIG. 3. Lasing and gain characteristics for a free-running KeClWRB-X) o8-
cillator when the vibrational states in the XeCl(X) state are in equilibrium
with the gas tempersture: (2) laser intensity on theO—1and 0 »2 transi-
tions and (b) gainon the0—-0, 1,2, and 3 transitions. For these conditions,
asciilation on the 0— 1 transition dominates. The (- 2 transition oscillates
only early during the pulse prior to saturation. These results do not agree
with experiments in which power is more evenly divided between the 01
and 02 transitions. This implies that bottlenecking must occur in the
XeCl{(X,v" = 1) level.

stantaneous gas temperature based on the total density of the
X state in the absence of optical transitions. Four additional
species account for the nonequilibrium populations for
XeCl(Xv"}, 0" =G, 1,2, and 3 resulting from optical transi-
tions. Depopulation of these levels is by direct dissociation
and relaxation to the equilibrium distribution. The use of
this representation for XeCl1(X,v") is based on the observa-
ticns of Fulghum and co-workers” for the method of decay
of XeF(X,v"). They found that the vibrational levels ther-
mally equilibrated fairly rapidly and that the vibrational lev-
els decay with a common rate. The refexation of the nonequi-
librium vibrational densities to their instantaneous
equilibrium value approximates this rapid intralevel equili-
bration. The densities of both the nonequilibrium and equi-
librium components are used to calculate the gain.

The rate constant for the direct dissociation of the non-
equilibrinm XeCI(X,0<v" <4} is based on those used by
Fulghum, Feld, and Jaran for XeF(X),”

k; = Cy exp( BE,/Dy)exp| — (D, — E /KT ], (13)

where E, is the energy of the vibrational level, D, is the disso-
ciation energy of the X state, and Cp, and Fare constants. We
adiusted Cj, and S in our model to match the spectral char-
acteristics reported by Bourne and Alcock.” We also para-
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metrized the rate constant for vibrational thermalization k
and effective dissociation rate constant &, for the portion of
X-state population which is in equilibrium with the ambient
gas temperature. The values so derived are not unique. How-
ever, they must satisfy the condition that the dissociation
rate for XeCl{X,v” = 2) is faster than the removal rate for
the v” = | level. We find that the lasing spectra are sensitive
to our choices of § and &,.. For 10<f<20, we may repro-

duce the spectral characteristics obtained by Bourne and Al-
cock® by adjusting &, to be within the range of
IX107 <k, <1 107" em® s™". Our choices of &, and
kp were based on maiching these experimental results. The
resulis in the remainder of this paper were obtained with
Cp,=78X10"" em’s !, B=10, k,=1x10"1
cm’ s and ky = 4 X 107 " em® s ™. The rate constant k&,
characterizes the rate at which the nonequilibrium distribu-
tion relaxes to the equilibrium distribution. Since many coili-
sions may be required for total relaxation, one would expect
Ky to be less than the gas kinetic rate constant.

Laser power and gain for the XeCl{ B — X) transitions in
free-running system are shown in Fig. 4 using our derived
rate constants. The calculated output energy is 2.8 ¥ of which
34% is on the 0— 1 transition. These speciral characteristics
for a free-running system are in good agreement with the
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FIG. 4. Lasing and gain characteristics for a free-running XeCl(B— X) os-
cillator when the vibrational states in the XeCI(X) are given by their non-
equilibrium kinctics; (8) laser intensity on the O0—1 and 0 - 2 transitions
and (o) gain on the (- >0, 1, 2, and 3 transitions. The conditions are other-
wise the same as for Fig. 3. To obtain roughly equal laser power on the 0-» 1
and 0-- 2 transitions, the rate of clearing of XeCl{(X,v" = 2) musibe greater
than that for XeCl{ X,0” = 1). With nonequilibrium kinctics in the X state
the small-signal gain prior to oscillation is nearly equal for the 0--1 and
02 transitions.
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experimental results of Bourne and Alcock.” In comparing
these results with the case where we assumed vibrational
thermalization in the X state, we find that the gains for 0—1
and 0 - 2 transitions are more closely equal. Also both of the
lines buiid up and terminate at the same time. When gain of
the 0— 1 transition drops due to saturation and bottleneck-
ing, the gain on the 02 transition is higher than that of the
0-1 transition. The time dependence of gain for the two
lines, though, is identical after saturation of the 0 — 2 transi-
tion.

The gain dynamics described above may be better un-
derstood by examining the time histories of population for
the vibrational levels in the B, C, and X states shown in Fig.
5. The conditions are the same as for Fig. 4. Note that the
density of XeCl(B,v' = 4) exceeds that of v’ = 2 and 3. This
condition results from formation of XeCl{B) occurring at
high vibrational levels and the fact that vibrational relaxa-
tion to lower levels by collisions with the buffer gas has a
relatively small rate { =2/5x 10® atm ™! s~ ') compared to
the rate of depopulation of XeCl(B,v' = {0} by optical ex-
traction. Even ignoring the population of XeCl{B,' = 4),
we find that the densities of XeCl(B,v'<3) are not in thermal
equilibrium. The ratios of these densities are guite sensitive
to the degree of B-C mixing. Laser oscillation begins at ap-
proximately 100 us, as indicated by the saturation of
XeCl(By =0). Saturation is alsc apparent on
XeCH(B,v' = 1) as an indication of the coupling of v’ =1
and » =0 by upwards collisions. The saturation of
XeCl{B,v' > 1) is barely discernable from the oscillations in
populaticn due to circuit ringing as a result of weak coupling
of v'> 1 with v' = 0. The vibrational distribution in the C
state monotonically decreases going to higher levels, though
it is not in thermal eguilibrium. Note that the amount of
saturation of XeCI{C,v'<2) compares to that of the B state,
as aresult of fairly tight mixing between XeCl(B,v" = 0) and
XeCHCw = 1).

The populations of the vibrational levels in the X state
clearly show the effects of saturation and bottlenecking. The
densities shown in Fig. 5(c¢) are the departures from the
thermal equilibrium and of the thermal equilibrium density
of the X state. For these conditions 0 — 1 and 0— 2 transiticns
are oscillating with approximately equal power. The densi-
ties of XeCl{(X,v" = 1) and XeCl(X,v" = 2) exceed that of
XeCl(X,v" = 0) and that of the equilibrium density. Even
though the 0—2 transition is somewhat more intense,
the population of XelH(X,p”" =1} excesds that of
XeCl{X,v" = 2) due to the effective downward cascade due
to thermalization of »” = 2 and because the rate of dissocia-
tionof v” = 2islarger than the rate of removalof v” = 1. Itis
clear that bottlenecking on individual vibrational levels of
XeCl(X) may occur for these conditions.

V. INJECTION-LOCKING CHARACTERISTICS

In this section the spectral characteristics of injection
locking of XeCl(B - X) lasers will be discussed. The pump-
ing and optical cavity parameters are the same as those of the
free-running system discussed above. In the model we as-
sume that radiation is uniformly injected into the laser cavity
until the termination of laser oscillation. The injected signal
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FIG. 5. Densities of the vibrational levels of (a) XeCl(8), (b) XeCI((),
and (c) XeCl(X) for the conditions of Fig. 4 {(noneguilibrium kinetics in
the X state). Laser oscillation begins on the 0-»1 and 0—2 transitions
at approximately 100 ns. The saturation of XeClH{Bv' =1} and
XeCl{C,v' = 0,1,2) indicates the tight coupling between these levels and
XeCl(B,v' = (). The large increase in XeCl{X,»" = 1) above the equilibri-
um vatue and XeCl{X,v” = ) indicates bottienecking.

is at the wavelength at which peak gain occurs on each band.
The injection intensity is 200 kW /cm? unless otherwise not-
ed and we assume that there are no intracavity dispersive
elements. For purposes of comparison, we define the injec-
tion-locking efficiency as the fraction of Iaser energy ob-
tained at the injected wavelength compared to the total laser
energy.

Laser intensities when injecting on the XeCl(B-X)
0—1, 2, and 3 transitions are shown in Fig. 6. For our condi-
tions, injection locking cannot be obtained on the 0— 0 tran-
siticn as its gain is too low. This is partially due to an effective
downward cascade of vibrational population in the X state
resulting from thermalization, the small rate of dissociation
of v = 0 compared to higher levels, and smaller Franck-
Condon factors. Injecting on 0— 1 successfully locks onto
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FIG. 6. Laser intensities for injection locking of the discharge excited
XeCl(B— X) laser. The injection level is 200 kW cm ™2 at the wavelength of
maximuom gain. Results are shown for injecting on the (a) 00, (b} 01,
{¢)0—2, and (d) §-» 3 transitions. Oscillation cannot be sustained on the
0 - O transition for these conditions so the laser oscillates with nearly its free
running characteristics. Locking is only complete on the 0~ 2 transition
while locking on the other transition is Jost at later times during the pulse.

that transition. Note that osciliation begins approximately
30 ns earlier than in the free-running laser due to the seeding
of the cavity with the injected radiation. Injection on 0—1
transition does not provide permanent locking as the 02
transition builds from noise and begins to oscillate at 1 =200
ns. The cause for the loss of spectral locking is primarily
bottlenecking in the X state on v” = 1, and the slightty high-
er oscillator strength of the 0 2 transition. The densities of
the vibrational levels in the X state are shown in Fig. 7(a) for
this case. Note that XeCl(X,v"” = 1) is highly saturated and
bottlenecked. The contribution to XeCH X v" = 2) from the
thermal distribution is barely discernable prior to 7 = 200 ns.
When the (-2 transition begins to oscillate, the
XeCl{(X,»" =2} density rapidly increases. The density of
XeClH{X,v" = 1) does not dramatically decrease at this time
in spite of a reduction in the O— 1 optical intensity due to its
stower rate of removal. The locking efficiency when injecting
on 0— 1 for these conditions is 82%.

Enjection on the 0 2 level results in locking with nearly
100% efficiency. Successful locking results from the some-
what higher oscillation strength of that transition and the
small rate of downward transitions from higher vibrational
levels in the X state, resulting from thermalization, which
would lower gain. Also, the higher rate of dissociation of the
XeCH X, p" = 2) level averts significant bottlenecking.

When injecting on the 0— 3 transition, locking is ob-
tained for only half the length of the pulse after which the
laser reverts to its free-running mode. The locking efficiency
is 38%. Locking should be fairly efficient on this transition
because of the lack of botilenecking on XeCl(X,»" = 3).
There is little effective cascade from higher ievels due to
thermalization and the rate of direct dissociation of
XeCl(X,v" = 3) is higher than the lower vibrational levels.
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FIG. 7. Gain on the XeCH{ 2~ X) transitions and densities of the vibration-
al levels in the X state for injection on the () 0— 1 trausition and (b) 0—3
transition.

The higher rate of dissociation of v” = 3, though, reduces
the effective cascade to the lower vibrational levels, thereby
not saturating those levels as shown in Fig. 7(b). As a result,
oscillation on 0—1 and 02 transitions eventually builds
from noise due to their higher oscillator strengths. Clearly
injection efficiency is a function of pulse length and gain
since, for example, total locking is obtained on the 0 — 3 tran-
sition for the first 100 ns. These issues are discussed in more
detail below.

Locking efficiency as a function of wavelength is shown
in Fig. 8 for the same pumping and optical cavity conditions
as for Fig. 6. Locking efficiency based on total laser energy
and locking efficiency based on laser power at t = 150 ns are
plotted. For long pulses, represented by the efficiency based
on total laser energy, total locking can only be obtained on
the 0— 2 transition. Away from the local peak in the gain
distribution, locking efficiency falls to near zero. The power
locking efficiency at the shorter pulse time is higher than the
energy locking efficiency, however, locking can stifl not be
obtained between the peaks of the gain profile. For these
cases, wavelength dispersive or selective optics may be re-
quired. Clearly for transitions originating on the same level,
the transition baving the higher oscillator strength will even-
tually oscillate regardless of the intensity of the transition
having the smaller oscillator strength unless there is selective
population of the lower laser level for the stronger transition.
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Injection locking for a pulsed high gain laser with multiple
transitions from a common upper level must therefore be
transient.

Our results gualitatively agree with those of Bourne and
Alcock® although they obtain higher locking efficiencies at
off-peak wavelengths. Our results are consistent with those
of Lyutskanov, Khristov, and Tomov?® who could not ob-
tain oscillation at the off-peak wavelengths when grating
tuning on an Xe{l laser. The differences between our results
and those of Bourne and Alcock may be due to differences in
the optical cavity and the shorter pulse lengths used by
Bourne and Alcock.” Nevertheless, our off-peak gain coeffi-
cients are somewhat smaller than those required to obtain
locking at ali the wavelengths observed by Bourne and Al-
cock. We hypothesized that this condition is due to our ap-
proximate treatment of Franck—Condon factors as a func-
tion of rotational level. As values were only available for
J = 0and J = 50, we linearly interpolated between these val-
ues. We parametrized the spectral model using other de-
pendencies without obtaining significantly different results.
Therefore, to obtain higher off-peak gain than we calculate,
either the rotational distribution must not be in equilibrium
with the gas temperature or the spectroscopic constants are
not accurate. We found that the ratto of gain between 01
and - 2 transitions to be most sensitive to the Franck~Con-
don factors and the rotational constant. The width of the
gain on a given transition is most sensitive to the rotational
level above which fine splitting of the vibrational level is
accounted for. This splitting is accounted for by the factor K
inEq. (10). Weused X = 1/4forJ, »20. Larger values of J_
result in a wider gain spectrum.

If the Franck-Condon factors used in the model and
reported by Sur, Hui, and Tellinghuisen® are significantly in
error, then our conclusion concerning the necessity for
bottlenecking in XeCl(X) to obtain injection locking could
also be in error. Given that these spectroscopic constants are
otherwise considered valid, our conclusion concerning
bottlenecking must stand until the results of Sur and co-
workers are revised or updated.
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FIG. 9. Locking efficiency (based on total laser energy) as a function of
injection power for the XeCl(B,#' == 0) - XeCl{X,»" = 1,2,3) transitions.

Locking efficiency is shown in Fig. 9 as a function of
injection intensity for the same conditions as Fig. 6. Locking
efficiency increases with increasing injection intensity untila
value at which the locking efficiency saturates. This value for
each transition is determined by the vibrational dynamics in
the X state. The injection level at saturation is fairly high for
the 03 transition due to rapid removal of population in
XeCl(X,v" = 3). Again, these locking efficiencies are func-
tions of pulse lengths.

¥. BEPENDENCE OF LOCKING EFFICIENCY ON GAIN

Lean gas mixtures (i.e., low HCl fraction) are usually
used for discharge-pumped XeCl lasers because more uni-
form discharges, and hence higher laser efficiency, can be
obtained than with rich mixtures.*® Higher gain, though, can
be obtained with rich mixtures if the plasma remains homo-
geneous. Discharge stability issues aside, changing the HCl
concentration does provide a convenient method to change
the small-signal gain and to investigate the effect of small-
signal gain on injection efficiency. We have performed such a
study by changing the HCI concentration in our model, and
observed the change in gain and injection locking. The HC!
concentrations we examined should be within the range that
the effect of discharge instabilities is small based on the ex-
perimental results reported so far.

A complicating factor in changing the HCI concentra-
tion is that in lean mixtures power lcading may deplete the
HCI during the pulse so that small-signal gain is not neces-
sarily constant during the discharge. To decrease the effects
of HC! depletion on the production of XeCl* 2 laser configu-
ration was used in the model where energy loading is less
thap with the parameters used above. The pulse-forming line
{PFL) of the new configuration has a characteristic imped-
ance of 0.3 Q and a double transit time of 58 ns. The dis-
charge volume is 2 em high by I cm wide by 60 cm long (120
cm®). The optical cavity consists of a total reflector and a
20% reflectivity output mirror separated by 1 m. The laser
head is connected to the PFL through a rail-gap switchand a
peaking capacitor of | nF. The rail-gap switch is modeled as
a constant inductance of 10 nH with a time-dependent series
resistance which reaches 0.025 {} with a 4-ns time constant
after triggering. The calculated laser pulse width is 2~ 100 ns
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in a free-running system. The laser output energy for the
same gas mixture as used above (Ne/Xe/HCl = 99.47/0.5/
0.03) is 315 mJ (2.6 }/£) with an overall efficiency of 2.6%.
The peak pumping density is 0.8 MW /cm® which for a 5-atm
gas mixture does not result in significani burnup for the
range of HCl concentrations we investigated.

Peak small-signal gain computed with the model for the
device described above is shown in Fig. 10 as a function of
H{l concentration. The smali-signal gain for each vibration-
al transition is the peak value in the gain profile. The peak
gain for each transition increases monotonically with in-
creasing the HCl concentration. Gains at the high range of
HCI concentrations may be optimistic due te questionable
discharge stability at those values of HCI fraction. Large
gains ( »>0.14 cm™ '), though, have been reported for wide
aperture (2.8 cm X 3 cm) discharge lasers having HCI con-
centrations as high as 0.1%."'

Eocking efficiencies are shown in Fig. 11 as a function of
small signal gain for 200 kW cm ™2 unifermly injected into
the faser cavity for the conditions of Fig. 10. Locking effi-
ciencies of the 0— 1 and 0-2 transitions as a fuonction of
small-signal gain and injection intensity are shown in Fig.
12. Locking efficiency does not generally increase with in-
creasing small-signai gain for other than the 0 — 3 transition.
For small-signal gains of more than 0.05 cm ™!, the locking
efficiencies saturate or decrease. This results from the fact
that oscillation at other than that injected wavelength are
initiated by spontancous emission which increases with in-
creasing gain. Threshold for the noninjected transitions is
therefore reached sooner under conditions of higher gain.
Locking efficiency decreases for these conditions even for an
injection intensity on the order of the laser output intensity
as shown in Fig. 12. Although the laser line at the injected
wavelength builds up faster at higher values of small-signal
gain, lines other than 2t the injected wavelength also grow
faster from spontanecus emission.

By comparing tocking efficiencies for the four vibration-
al transitions at the same small-signal gain, one can isolate
the effects of ground state dynamics. At values of small-

SMALL SIGNAL GAIN (10 2cm™h

Q—=0

L ! i i b
0.02 003 0.04 005 006
HCI CONCENTRATION (%}

o]
[eXe]] 007

FIG. 10. Small-signal gain for the XeCl(B,0" = 0) -» XeCl(X 0" == 0,1,2,3}
transitions as a function of HCi concentration. These gains may be optimis-
tic for high HCI concentration due to issues related to discharge stability
which are not addressed in this model. The method nevertheless provides a
method to invesiigate the effect of small-signal gain on locking efficiency.
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M. Ohwa and M. J. Kushner 4147

Lownloaded-Q0r00¢.2002.16.128.174.115.149.Redistribution subjectto AlR.Jicensa.onconvright. see.hitp./ajps.aip.argljapo/japcr.jsp



signal gain > 0.05 cm ™', the locking efficiency of the 81
transition decreases while that for the 80— 3 transition re-
mains a constant. This resuits from differences in the remov-
al rate of population from the vibrational levels in the X
state. For example the direct dissociation rate of
XeCl(X,0” = 3) is higher than that of XeCl(X,v" = 0,1,2).
This level is also less susceptible to saturation by transitions
terminating on lower levels. Therefore, one would expect
that the 0— 3 transition would be somewhat favored at high
gain over the transitions terminating on lower vibrational
levels which are subject to cascading from higher levels, and
which have a lower direct dissociation rate constant.

V1. INJECTION LOCKING AS A FUNCTION OF POSITION

As a result of nonuniformities in preionization density,
electric field (due to electrode profiling), and halogen
burnup, discharge parameters are generally not uniformas a
function of position.’****? [n particular, small-signal gain
and the saturation intensity may be functions of position as
resulis of differenices in both the rate of pumping and the rate
of quenching due to electrons. Therefore, when attempting
to injection lock a discharge excited XeCl(B - X) laser, the
injection-locking efficiency may be a function of position.

To investigate locking efficiency as a function of posi-
tion, we modified our discharge laser model to be a one spa-
tial dimension simulation. The spatial dimension is parallel
to the electrodes and perpendicular to the optical axis. We
assumed that the discharge properties are not a function of
position in the direction of the optical axis or perpendicular
to the electrodes. In this formulation, the profile of the elec-
trode and the spatial distribution of the preionization elec-
tron density may be specified. The resonator consists of
plane-plane mirrors. The spatial aspects of this model are
functionally eguivalent to those described in Ref. 32.

XeCl{Bv=0)
350

.251

175

TIME {ns)

5
100= 7.4 X105 em®
!

G
2.3 o 23

POSITION BETWEEN
ELECTRODES (em}

FIG. 13. Density of XeCl{B,0" = 0} as a function of position and time for
conditions similar to those for Fig. 6. Injection is on the (- 3 transition at
200 kW cm 2. The preionization density was chosen so that the discharge
would constrict. The spatial dimension is across the face of the discharge
parallel to the electrodes and perpendicular to the optical axis. The contour
value of 100 corresponds to a maximum density of 7.4 X 10" cm ™%,
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To accentuate the effects of nonuniform discharge pa-
rameters on locking efficiency we chose conditions where
the discharge would constrict by having a preionization elec-
tron density that peaks on the central axis. The conditions
are otherwise the same as described above for the larger de-
vice. Discharge constriction results in a higher current den-
sity on the axis, which translates to higher pumping, more
depletion of HCL, and higher electron quenching on the axis.
The density of XeCl{(B,0" = 0) for these conditions is plotted
in Fig. 13 as a function of position between the electrodes
and time. The injection signal is for the 0— 3 transition. The
XeCl{B,y = 0) density rises fairly uniformly as a function
of position early during the pulse, but then as constriction
begins the density of XeCl(B,v" = 0) is highest on the axis.

Laser power is plotted in Fig. 14 while injecting uni-
formly on the 80— 3 transition for the same conditions as in
Fig. 13. The time dependencies of laser power on the axis
{x =0) for the 0— 1, 2, and 3 transitions are shown in Fig.
14{a). The laser goes out of lock at approximately 150 ns.
The time- and spatially dependent laser powers for the 03
and O - 1 transitions are shown in Fig. 14(b). The 80— 3 tran-
sition turns on fairly uniformly across the face of the dis-

25 I x
XeCl{B=x} —]
Z ol -
H [ \eo-s
@
g oI5 1 -
o 0-+2 |
v
& 10p-
2
_J i O-+1 i
]
obe 1 1 j
0 100 200 300
TiME (ns)
{a)
350 ,
—\y-25
15
8

& N OB

TIME {ns)
bl
Q w — =
——————

1 i J
2.31 o] 2.31
POSITION BETWEEN ELECTRODES {(cmj

(b}

FIG. 14. Laser power while injecting on the 0 3 transition for the condi-
tions of Fig. 13; (a) laser power on axis and (b) laser power for the0— 3 and
0 ! trapsitions as a function of position and time. As the discharge param-
eters are symmetric across the center line, we plotted Iaser power for only
one side of the discharge for each laser line. The G- 3 transition turns on
fairly uniform across the face of the discharge. The 0— 1 transition oscillates
first on the axis and later at the edges of the discharge.
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FIG. 15. Locking efficiency on the 0 — 3 transition {based on instantancous
fractional laser power) as a function of position and time for the conditions
of Fig. 14. The laser goes out of lock first on the axis and later at the edge of
the discharge. Note that the tine axis goes from the rear to the front of the
figure.

charge, however, the O—1 transition turns on first on the
axis and later towards the edge of the discharge. As pumping
is higher on the axis due to the constriction at later times,
laser power also constricts towards axis late in the pulse.
Locking efficiency for the 0 3 transition is shown in Fig. 15
as a function of position and time for the same conditions.
The laser goes out of lock first on the axis and later at the
edge of the discharge. The small decrease in net smail-signal
gain for the 0—3 transition, and the increase in saturation
intensity for the - 3 transition on the axis resulting from a
higher rate of electron collision quenching, allows the 01
and 0-2 transitions to oscillate there first. Off axis, where
the saturation intensity is higher, the laser remains in lock
for a longer time.

Vil. CONCLUDING REMARKS

Laser spectra of discharge-pumped XeCl(B - X) lasers
have been: theoretically investigated by using a kinetic model
for Ne/Xe/HCI/H, mixtures which includes the gain spec-
trum calculated based on the Franck—Condon factors.® The
model also vibrationally resclves the B, C, and X states. We
find that the vibrational distribution of the X state is far from
being in thermal equilibrium with the gas temperature. This
condition is attributed to slow removal rates cut of the low-
est vibrational levels. The removal rate of the
XeCOH( X, 0" = 1) is =~ 1X 107 em® s~ for Ne buffers and
leads to bottlenecking on the G — 1 transition. The direct dis-
sociation rate of XeCIl(X,v” = 2) is faster than the removal
rate of v” = 1 and this condition explains the nearly equal
division of laser energy (in a free-running oscillator)
between the 0 — { and 0 - 2 transiticns as reported by Bourne
and Alcock.” Furthermore, the fact that locking efficiency
does not necessarily increase with increasing smali-signal
gain is largely a result of saturation effects in the ground
state.
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