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A comprehensive kinetic model of the electron-beam-excited

xenon chioride laser

Thomas H. Johnson, Harry E. Cartland, Thomas C. Geneni,® and Allen M. Hunter®
Science Research Laboratory, U. S. Military Academy, West Point, New York 109%6-5000

{Received 5 May 1989; accepted for publication 9 August 1989)

A new kinetics model capable of simulating performance of electron-beam-pumped xenon
chloride lasers over the full range of experimental evidence is presented. The model comprises
202 chemical processes employing 41 species. Its operation is described and the full set of rate
equations given. Calculations of stimulated emission and abscrption cross sections for XeCl are
presented, and simulations of various lasing results are shown in the context of explicating
dominant processes. Major kinetics issues are examined, particularly those leading to the
model’s rates for vibrational excitation of HCI and for electron quenching of the excited

excimer molecule.

L INTRODUCTION

The kinetic processes determining the performance and
scaling characteristics of the xenon chloride (XeCl) excimer
iaser have proved to be particularly difficult to specify in
detail. While comprehensive models for both krypton flu-
oride and xenon fluoride have exisied for some time, and
although early attempts at modeling XeCl were indeed
made,"” a formulation that accurately reflects the diversity
of existing data has thus far proved elusive. This paper pro-
poses such a comprehensive model, and compares its predic-
tions to the resulis of both iasing and kinetics experiments.

Initial lasing experiments in XeCl were conducted using
Cl, as the chlorine donor; because of strong ground-state
absorption by Cl,, it was replaced in most later experiments
by HCL. Buffer gases of both argon (at roughly 2 atm) and
necn {at roughly 4 atm) have been used, and electron-beam
{e-beam) pumped experiments have been conducted over a
broad range of energy depositions, from below 0.1 io 6
MW /cm®.* Intrinsic (local) efficiencies of laser operation
have varied in these experiments over a range 4%-7%, with
the shorter-pulse experiments generally being more efficient,
although individual differences in devices have tended to
dominate systematic tendencies in the relatively sparse data
set. More reliable performance differences between the ar-
gon and neon buffers do appear. The most sensitive scaling
parameter in lasing experiments is the variance of power out
with initial HCI concentration, so the data on this variance
has been one locus of interest.

Although previous kinetics models could approximate
lasing output for short-pulse, high-pump-rate conditions,
those same models could not equally well simulate long-
pulse conditions. It has become evident that the minimum
set of kinetic processes necessary to represent XeCl perfor-
mance is both larger and more complex than the set required
for other excimers, such as krypton flucride.'® These prob-
lems have been exacerbated, rather than simplified, by ex-
periments' % designed to study particular chemical kinetic
parameters.

As was the case with krypton fluoride, many of the reac-
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tion rates of potential significance in XeCl mixtures are not
known from direct experiment, but are either inferred, esti-
mated by analogy, or approximated with ad initic computer
calculations. Since many processes matter only in second
order and since lasing results may not be terribly sensitive to
factor-of-2 uncertainties even in many first-order processes,
these uncertainties have not prevented development of accu-
rate predictive models for KrF. The sheer number of pro-
cesses relevant to XeCl does not necessarily suggest that the
siteation should be different once key problems are under-
stood. Attention has focused for some time on the electron
kinetics, both in relation to the clectronic manifold of atomic
xenon, and the chemistry of the halogen donor. Analyses
using the XeCl model presented here suggest that the elec-
tron-HCl chemistry is indeed critical to understanding the
behavior of kinetics experiments, and by extension of lasing
as well.

In Sec. Il we discuss the structure of the excited xenon
chloride molecule and present resulis of our calculations of
the stimulated emission and absorption cross sections; de-
tails are given in the Appendix. Section III summarizes the
principal kinetic pathways in XeCl, highlighting differences
with other rare gas-halide excimers, and presents simula-
tions of lasing experiments, In Sec. 1V, the full kinetic model
is presented, with explanatory comments. In Sec. V, major
individual kinetics issues underlying the model are discussed
in some detaif, with simulations of relevant experiments.

I STIMULATED EMISSION AND ABSORPTION

The precise value of the stimulated emission cross sec-
tion, and the corresponding value of the lower-state absorp-
tion cross section, remain uncertain, This section and the
Appendix discuss the values chosen for this kinetic model.

The experimental data relevant to the stimulated emis-
sion cross section for XeCl* falls into two categories: fluores-
cence spectra® and gain spectra.”” Early in the development
of this model, an estimate for the stimulated emission cross
section of 4.2 A? was made by fitting a Lorentzian line profile
to the gain spectrum of Bourne and Alcock.™ The fluores-
cence spectrum offers a more valid basis fof estimating the
stimulated emission cross section since it involves only the
upper state; gain spectra derive from the difference between
the upper state and the lower state, and are subject to- line
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narrowing. The fluorescence data of Adamovich ez al.*? have
the highest resolution, and thus are judged the best basis for
estimating the stimulated emission cross section.

An estimate of the peak cross section can be made by
making use of the relation

At fA)
A) = —— it i
7t rer  k )
where f{A) is the intensity in arbitrary units and
k= j‘f(/l)di (2)

is the integrated line shape. From the data in Ref. 22, we
estimate an upper bound for the peak (V' =0-V" =2)
stimulated emission cross section at 308 nm of 5.0-5.6 1&2,
depending on exactly how the background contribution is
included. This effectively bounds the range of practical (vi-
brationally averaged) values of the cross section.

We have also performed a theoretical calculation of the
emission and absorption spectra. A schematic of the XeCl
potential energy curves is shown in Fig. 1, identifying the
lasing transition, B(*Z) - X(22). Of particular importance
is the fact that the ground state is bound by 255 cm ~ ', re-
quiring the calculation of an absorption coefficient and rais-
ing the possibility of bottlenecking (see Sec. V).

In the kinetics calculations described in the foliowing
sections, we make no distinction between vibrational levels
of the B and X states; that is, we track only the total state
populations, denoted N, and N,. Our expression for the
gain is, accordingly,

g:NB&S“—vaB’A, (3)

where 7¢ and &, are suitably defined as the average stimu-
lated emission and absorption cross sections.
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FIG. 1. Potential energy curves for the XeCl molecule. The upper laser level
is the ionic ¥ state labeled B; the lower laser level is the covalent 3 state
labeled X. The B state is collisionally mixed with the jonic *I} Cstate, which
can lase to the repulsive %11 4 state.
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A general expression for the gain as a function of wave
number v is given by

g =L TS+ DS — 7 Wy — Nyoye)
87r T et
(P branch)
2
;ﬂ’ ZEEZ(J’)S(V — V) (Nyy = Nypoy-)
T VIV ef
(R branch), (4)

+

where A is the wavelength, + = 11 ns is the measured raida-
tive lifetime of the XeCl (B) state,’ e and frefer to the two
spin components for each transition, and Ny.;., N,..,. are
the B and X state number densities. The line shape § for a
particular transition centered at v is

Stv—m == FEE
e (v — )% 4 A?
where FCF is the Franck-Condon factor and the linewidth
A=~0.1 cm™ '/atm for rotational lines. Although the B state
angular momentum coupling most closely resembles Hund’s
case ¢, the B-X transition has a strong X — ¥ character as in
XeF,'" and we approximate the transition sirengths for the P
and R branches by the £ X values,'®

Comparing (3) and (4), and assuming that the vibra-
tional and rotational level populations are in thermal equi-
librium, we see that appropriate definitions for o (v) and
g, (v) are

, (33
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where " and @ " are the partition functions for the Band X
states, respectively, Details of the calculation of o (v) and
o4 (v) are given in the Appendix. Results are shown in Fig.
2. The peak value near the center of the 0-2 transition is
approximately 4.8 A2,

As is obvious from Fig. 2, the emission line profile of
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FIG. 2. Calculated values of XeCl stimulated emission (upper curve) and
absorption (lower curve) cross sections near 308 nm.
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XeCl* has significant structure. The laser experiments that
we have simulated are relatively broadband and often dis-
play lasing on more than one line; for instance, the experi-
ments at TTC® measured strong simultaneous lasing on both
the ¥'=0-¥" =2 and the V' =0 V" = 1 transitions.
Thus it is appropriate to use a speciral average for the stimu-
lated emission cross section. The average cross section 7, is
smaller than the peak cross section by some 10%-15%.
Hence, we have continued to find our initial estimate of 4.2
A2 to be a reasonable choice; a similar average determined
the effective absorption cross section to be 1.2 A2 Such an
average is difficult to define precisely, and could vary some-
what from experiment to experiment. Nevertheless, these
particular values do agree with both data and calculations;
their choice is supported by the excellence of the accuracy of
laser performance simulations over a wide range of lasing
conditions.

fif. BASIC PROCESSES

XeClchemistry differs from that of KrF primarily in the
dominant pumping channels. In KrF the principal ion chan-
nel is the neutralization reaction of Kr* and F , with
much of the Kr" having been produced in two-body charge
transfer reactions with buffer gas ions; the principal neutral
channel is harpooning of F, by metastable Kr atoms. But
neither of these processes works well in XeCl because of the
character of xenon: the two-body charge transfer rates from
both Ne™ and Ar* (and their molecular icns) to Xe are
roughly two orders of magnitude below similar processes for
krypton, and singly excited xenon (Xe*) does not have
enough energy to form XeCl* with the preferred halogen
donor, HCL For some time it was thought that complex neu-
tral channel reactions, depending mainly upon dissociative
recombination of rare-gas molecular ions, would be neces-
sary to explain the efficient flow of energy from the deposited
e beam to XeCH molecules. In 1980, however, a measure-
ment by Collins and Lee®® demonstrated efficient charge
transfer to Xe from the Ar and Ne molecular ions in three-
bocy processes, making it clear that the bulk of the energy
couid fiow directly through the ions without direct involve-
ment of secondary electron processes and metastable chem-
istry.

Figure 3 shows the main processes of this ion channel,
the principal pumping pathways of XeCl*, in a neon buffer
gas. Most of the electron-beam pump energy is deposited
into neon ions, with a substantial fraction of the remainder
going into Ne* metastables. The neon atomic ions are con-
verted extremely rapidly (2 nsorless) to Ne;" by three-body
processes. At this point, the molecolar ions may transfer
their change to xenon atoms (as mentioned above, xenon is
generally present as a few-Torr constituent in nominally 4
atm of neon or 2 atm of argon), neutralize C1  ions, or
dissociatively recombine with electrons to produce Ne™™ me-
tastables. The latter two processes then channel energy to
XeCl", since the molecule NeCl” predissociates. In an argon
baffer, the processes are similar, except that neutralization
of botk Ar ™ and Ar," form ArCH, which can also lead to
XeCl" through a displacement reaction.

Figure 4 shows a comparison, with representative reac-
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FIG. 3. Principal ion channel pumping of XeCl* in a neon buffer gas.

tion times, for energy flow options out of Ne,", illustrating
the efficiency of the ion channel over pumping through C1*.
Since the lifetime of Ne,' against dissociative recombination
with electrons is on the order of 60 ns, it cannot compete
with the other two principal processes and is not shown.
Figure 3 shows that section of the ion chain peculiar to the
argon buffer. Note that formation of ArCl is slower than
alternative pathways, and that once formed ArCl" is more
likely to radiate than to lead to XeCl” through displacement
of the argon by xenon. As a result, this displacement channel
accounts for only a few percent of the total pumping in argon
buffers even under the best of circumstances.

Figure 6 shows the major constituent reactions involved
in neutral pumping. Apart from the CI¥ channel already
discussed, it will be immediately apparent why the neutral
channel is less efficient than the ion channel: pumping re-
quires that the energy flow through species (Xe ™, NeXe ™,
and Xe,' ) that are the primary paths in the ion channel.
Neutral pumping then requires additional steps, involving
electron reactions, in place of the fast ( < 10 ns) neutraliza-

1

Ne,™

ons \Ons
Xe, Ne cr
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Xe | Sns

XeCl*
L

FIG. 4. Relative reaction times for
pathways out of the neon molecular
ion {times are calculated for 4 atm of
neon buffer and representative val-
wes of other species concentrations).
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FIG. 5. Argon ion reactions and displacement channel pumping.

tion reaction of the ion channel; these electron rates are all
much slower {generally 60-100 ns).

Secondary electron processes are, however, critical to
the pumping. Of course, electrons are required to supply
Cl - through dissociative attachment. But unlike F,, HCl
has a very low cross section for attachment at low electron
energies.” Exciting the first vibrational mode (roughly 2800
cm ™ ') of HCI by electron impact increases the attachment
cross section by a factor of 40; and exciting the second vibra-
tional mode increases attachment by a factor of 800 over the
ground-state cross section.”® The critical question is then at
what rate the HCl is vibrationally excited by secondary elec-
trons, a question not settled simply by measurement of the
cross sections for such excitations. This question is so com-
plex and important that we reserve its discussion for a later
section of this paper (Sec. V). The combined rate constants
for excitation and attachment have themselves only a sec-
ondary influence on the depletion of HCl and the production
of XeCl™ through the ion neutralization channel, since for
low rate constants the electron density will be higher. How-
ever, because the electron density is subject to other compet-
ing processes, and because the instantaneous species density

PUMP
t
) NeyXe
[ Nev [ 1
ZNe

[ o !-C‘—{_NZQ

Xe,Ne
Xe + -2t

PUMP
He [ xes PRefvexe’ e Nte_*J
s T T
{ Xe** e rXe’j“— PUMP
Lo

HOY J
[ Ciz® = xelr* =t~

FIG. 6. Principal neutral channel pumping of XeCl* in a neon buffer gas.
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FIG. 7. Data (points) and model simulations (solid line) for laser energy
out (joules) vsinitial HCI concentration (Torr) in the Sandia experiments
(Ref. 4). The experiments were conducted using an argon buffer gas and
high pump power (=3 MW/cm’).

of a major absorber (Cl™ ) depends very sensitively on this
rate, laser performance in most pumping regimes can be
greatly affected by differences in overall attachment arising
from differences in HCl vibrational excitation.

The relatively low rate of HCI excitation is one of the
keys to the present model’s ability to deal successfully with
the scaling of output power with HCl partial pressure in both
high- and low-pump-rate regimes. Examples of this success
are shown in Figs. 7-9. Figure 7 shows data and the model’s
simulation results (using actual temporal e-beam pulse
shapes) for the high-pump-rate (3 MW/cm?), short-pulse
{80 n:s) regime of the Sandia experiments.”’” Only four data
points exist for this scaling; although laser power appears to
fall off faster with increasing HCI concentration than the
model predicts, the differential at the two higher data points
still lies within the experimental uncertainty.”® An interme-
diate case is represented by the data and simulation from
lasing experiments at Thermo Electron Technologies Corp.
(formerly Western Research Corp.)?® shown in Fig. 8. The
figure shows the pulse shape for a single run of the TTC large
aperture (40 cm X 40 cm) device, which was divided into
four subapertures; the device was pumped at an average of
roughly 350 kW/cm® for 600 ns. For this particular run,
conducted with a 3.75-atm neon buffer and 2.5 Torr of HCI,
the measured energy out was 979 J and the model’s predic-
tion was 1185 J. The experiment was conducted with a 10%
mechanical obscuration of the output window, and the four
apertures were shown to be differentially pumped, with two
subapertures recetving weaker pumping. Neither of these ef-
fects was considered in the simulation. The agreement is thus
better than might at first appear; corrected for the obscura-
tion, the simulation is only 9% above the measurement.
Further, this particular case represented not the simulation’s
best performance, but its worst (or, conversely, the experi-
mental run with the worst nonuniformity of pumping). Fig-
ure 9 shows four different runs exploring the scaling of lasing
power with HCI concentration, and the model’s simulation
of that scaling. In this plot, the simulation’s results have been
reduced by 10% to account for the obscuration, but differen-
tial pumping is not modeled. As with other results in both
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FIG. 8. Data (dashed curve) and model simulations {solid line) for laser
pulseshape (intensity in MW /cm” vs time in ns) in an experiment conduct-
ed at Thermo Electron Technologies Corporation {Ref. 8). The buffer gas
was neon, the pump power moderate { =300 kW /cm?).

neon and argon, these show performance peaking at 3-4
Torr HCL

The low-pump-rate, long-pulse regime is represented by
the experiments conducted at Avco,” using a pump rate of
approximately 80 kW /cm? and pulse lengths of 2.5 us. Both
argon (2 atm) and neon (4 atm) buffers were used. Experi-
mental results and model simulations are shown in Figs.
10¢a} and 10(b). Although no error bars are presented for
the data, the scatter of points between 4 and 5 Torr HCl in

12501
000+ /e ~

-2 750+ ,/ \

!
W 500 i

—— b I I | 1

[ 2 3 4 5 3
HCI PARTIAL PRESSURE {Torr)

e

FIG. 9. Data {peints) and model simulation (solid line) for laser energy
out {joules) vs initial HCI concentration (Torr) in the Thermo Electron
Technologies Corporation experiments (Ref. 8). The result of the calcnla-
tion has been correcied for 10% obscuration of the output windows; differ-
ential pumping is not inchuded.
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FIG. 10. Bata (points) and model simulation (solid line} for laser energy
out (joules per liter) vs initial HCI concentration (Torr) in experiments
conducted at Avco Everett Research Labs (Ref. 9). The pump power was
fow (=80 kW/cm') and the pulse length long (2.5 us). (a) Argon buffer.
(b) Neon buffer.

Fig. 10(a) clearly indicates error bars of at least 1 J/# ali the
simulation values lie well within this margin. Some HCI re-
mains present to act as a chlorine donor to the end of the
puise for initial concentrations < 3 Torr. The decrease in
performance at high HCI concentrations is due more to
quenching of the upper laser tevel by HCi than to absorption
by C! " . Both model and data demonstrate that XeCl can
achieve multimicrosecond pulse lengths at low-power
pumping, but with some penalty in efficiency. The best in-
trinsic efficiencies for these experiments are in the range
2.5%-3%.
The apparent variances in scaling among these results
epend variously upon pumping, quenching, and absorption
processes, as well as on the particular characteristics of some
of the devices themselves. Thus, for instance, the TTC re-
sults show a greater sensitivity to HCl concentration than do
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FIG. 11. Data (dashed line) and model simulations {solid line) for total
absorption at 312.5 nm (percent per cm) vs time (ns) in the Sandia experi-
ments (Ref. 4) with argon buffer gas.

the Sandia results; this is primarily a result of the I-m gain
length of the former device, which emphasizes integrated
absorption. Figure 11 shows the total absorption in the las-
ing medium for the Sandia experiment, measured at 312.5
nm to eliminate absorption by the XeCl (X) state. The cal-
culation appears to rise slightly faster than the data, but the
shape and magnitude are in excellent agreement.

Figure 12 shows experimental results and model simula-
tions of measurements of gain and absorption (top two pairs
of curves) in XeCl laser mixtures performed at the Naval
Research Laboratory (NRL)."! These measurements are
particularly important to scaling of XeCli performance in the
low-to-mid pumping regime (30-300 kW/cm’), since out-
put flux and extraction efficiency are limited by the ratio of
gain to absorption. In the NRL experiments, this ratio re-
mained roughly constant (at a value close to 5) throughout
the regime, a consequence of the mutually ionic nature of the
dominant process of both pumping and absorption. The ex-
cellent agreement of these calculations with data (note the
sample error bar in the gain measurement} can be compared
with the laser output calculations [Figs. 10(a) and 10(b)]
of the noisier Avco data,*® which is within this pumping
regime. Local efficiencies on the order of 3%, achieved in the
Avco lasing results, are also predicted from the NRL mea-
surements and simulations. The bottom pair of curves in Fig.
12 show data and simulations from absorption measure-
ments at 308 nm in pure neon. The model’s prediction is
unacceptably large below about 4 A cm~? because of an
overprediction of the Ne,” density. At the lower electron
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number densities of these pump powers, the variation of the
rate constant for dissociative recombination with electron
temperature is critical, and the simulation code’s energy-
balance calculation of 7, is not sufficiently accurate; a fully
self-consistent Boltzmann sclution would be reguired to
achieve real accuracy here. But this is not necessary, as is
manifestly demonstrated by the simulations of laser-mixture
absorption in the middie pair of curves; addition of xenon
and HCI lowers drastically both the number density of Ne,*
and, more important, the sensitivity of the electron chemis-
try.

Calculations of the relative abundances of major absorb-
ers throughout the laser pulses are shown for both the Avco
{neon buffer) and Sandia experiments in Figs. 13{a) and
13(b), respectively. The hard pumping of the Sandia regime
produces large numbers of molecular ions (the early peak is
an artifact of the shape of the e-beam pulse); as the pump
pulse ends, witk CI — ions still abundant, the rare-gas molec-
vlar ions disappear rapidly. By contrast, the much lower
pump-power regime of the Avco experiment is initially
dominated by Cl~ photodetachment; but as the HC! begins
to burn out later in the pulse, this abscrption falls steadily.
As the same time, the xenon molecular ion density grows
becanse of removal of the neutralization loss mechanism.
Early discussions of XeCl kinetics"*? suggested that perfor-
mance using an argon buffer would be significantly worse
than using a neon buffer because of the broadband absorp-
tion of Ar," . Figures 13(a) and 13(b) show why this turned
out to be not true. Although the cross section for Ar,t is
roughly twice that for Ne,', total absorption in both low and
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FIG. 13. Model simulations of transient absorptions (cm "'} caused by the
principal absorbing species vs laser pulse time {ns). (3) Sandia experiments
(Ref. 4). (b} Avco experiments {Ref. 9), neon butfer.

high pump regimes is dominated by Xe,” or C1™ , indepen-
dent of buffer gas.

Scalings of energy extracted in the Sandia experiment
with argon buffer pressure, xenon pressure, and pump power
{at constant pressure and mix) are shown in Figs. 14(a)-
14{c), respectively. The slight decrease at high argon pres-
sure is caused mostly by three-body quenching; quenching at
increased xenon pressure is offset by increased deposition of
the e-beam energy. Pump power scaling shows significant
loss of efficiency as power increases above 3 MW/cm® be-
cause the production channels are saturated for available
chlorine, but ion absorption continues to increase; this could
only be slightly ameliorated by increasing initial HCI con-
centration because of the effectiveness of HCI quenching.
Predictions of the model reproduce these scalings precisely.

V. KINETIC MODEL

The reactions that make up the kinetic model are pre-
sented in Table I. Forty-iwo chemical species (counting
electrons and various excited levels of atoms and molecules
as separate species) are necessary to specify the reactions.

The electronic manifold of atomic xenon is represented
by three excited states, each chosen to represent a group of
actual metastable states, as illustrated in Fig. 15, The nomi-
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nal metastable energies are: Xe*, 8.25 eV; Xe*¥, 9.5 eV,
Ke*** 11.25eV. These are roughly the energies of the 6s, 6p,
and 4/ states, respectively. The necessity of including sepa-
rate states representing the heavily populated first two me-
tastables is reasonably cbvious. Performance of the model
was also found to require the presence of the third metasta-
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FTABLE L. Reaction rate model. Al rates are in units of cm® s ™', except that for reactions involving three chemical species on the lefi-hand side the units are
cm® s~ . Rates for emission and absorption processes are given inunitsof s ' and cm”, respectively. Parentheses following HCl refer to vibrational excitation
levels; shsence of parenthicses means the process applies to alj vibrational levels of HCL XeCl* denotes the 8 state {upper laser level); the C, X, and A states are
explicitly indicated. ¢ denotes the photon number density. 7, is electron temperature in ¢V; 7 is electron average energy in ¢V,

Rate
Process (em’s™ ') Reference Note

Electron-chlorine reactions

e + HCHO) e+ HCI(1) L3> 1077 This work

e -+ HCI{(() —e¢ + HCI(2) 1.5 10710 This work

e+ HCH 1) e -+ HCI(2) 1.5x 107 This work

e+ HCHO) SH+CH 2.5x1071" 35

e+ HCI(1) SH O 1110 3%

e+ HCH(2) —H4 CI™ 20x10 7 34

H+ - —SHCl+ ¢ 2.6x 107" 37

e+ Cl, —Cl+Ct~ 1031071 38
Electron-rare gas reactions

e 4 Xe e 4 Xe* L2310 T expl - 8.36/7,) 39,150

e+ Xe e b Xerx 285 1078 7972 exp( — 8.73/7}) 39,150

¢+ Xe* Cre o Xerw gt AT s 40

4 Xe* et Xe 12X 107 797 exp( — 8.36/7) ) 36,150

e+ Xe** e+ Xe 28x107% T9 ™ exp( — 9.73/T,) 39,150 c

e+ XC** cag |- Xe* 1& 707 s 0Ty 48

e+ Xe -+2¢ + Xe'! 34710 P T exp( - 12.13/T,) 39,144 c

e - Xe* —2e L Xe! 785107 T exp( ~ 3.77/T,) 39,145,146 [§

o+ Xet* w20+ Xe* 253077 T exp( — 2.4/7,) 39,145,146 ¢

e+ Xer 2e 4 Xey 9.75% 16 * T exp( - 3.4/, ) 39,145,146 c

e+ Xe,t —Xe + Xex# 20X 107/ 42,43

e+ Xe* e Xewks (0.02)10°¢ BT L 40

e+ Xe** e 4 Kerh gor ST e 40

o+ Xerwr e Kex* jot o7 eI 40

o+ Xor#* e Xe* (0.02)10' RS S R Ve o Y 40

o Xerx ~2e4 Xe® 215X 1077 797 exp( — 2.4/T,) 39.145,146

2 - Ar e+ Ar* 1.0x1¢ " e 41,139,140,141

e+ Ar e Ar¥E 50x 1077 708 41,139,140,141

e - Ar* —e 4+ Art* 201077 T, 41,142,147

e - Ar* —e 4+ Ar 1.0x10 7o 41,139,140,141

e+ Ar¥¥ >+ Ar 5.0x 100 1o 41,139,140,141

e - Ar*¥ —& 4 Ar* 2010777, 41,142,147

¢ -+ Ar —2¢ 4+ Ar* 4.0x 30" e 41,143,144,148

e -~ Ar* —2e - Art LOX10 9T 41,145,146

€ -~ Ar¥* —2e 4 Ar™ 4.0x107° T2 41,145,146

¢ Art ~2e+ Ar} 40%107 10 7! 41,145,146

e+ Ar,’ s Ar 4 Ar¥¥ 8.0 107" 7 0° 42

e+ Ar¥e* s ArXet - 2¢ 40x107 0T 41,145,146 d

o Ne —e+ Ne* 50510 ° T exp( -~ 16.6/7,) 39,149,139,141 ¢

e -+ Ne —g + Ne¥* 5.85x 1071 TO¥ exp( - 18.5/7,) 39,139,141 c

e+ Ne* e - Ne¥* 4361077 T  exp( - 1.90/T) 39,142 c

e 4 Ne* —e+ Ne 5051077 T exp( — 16.6/7,) 39,149,139,141 c

¢ -4 Ne¥* s - Ne 5.85 10 71 T exp{ — 18.5/T,) 39,139,141 [

€4 New e f Ne 43610 7T TP expl - 1.96/7 ) 39,142 ¢

¢ + Ne —2e FNet 1.65% 1377 T exp( -- 21.6/ T ) 39,144,148 c

e+ Net ~2e 4 Ne™” 41x10 T exp( — 5.0/T) 39,145,146 ¢

¢ 4 Me** -2e 4+ Net 12810 7 T exp( —-3.1/T) 319,145,146 c

e -+ Nex —2e¢ 4 Ne, 6.5 1078 T\ exp( — 4.3/7),) 39,145,146 ¢

e+ Ne,! —Ne -1 Ne** 3S5x10 YT, 07 42,44

e+ NeXe* ->NeXe' 4 2¢ 8.0x10 * T exp( — 3.60/T,) 39,145,146 c

e+ NeXe' — Xe** 4 Ne gox 10 * 7, °F 42,4344 e

e+ ArXe™ —Xe¥* 4 Ar 10> 10" 71, °° 42,43,44 [
Penning ionization

Xe* - Xe* SXet FXe e S0 107710 47,95

Xe¥ + Xe¥ ~Xe, 4 2Xe b e 5.0x 107" 47,125,895
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TABLE L (Continued).

Rate
Process (em?s™") Reference Note
Xe*** - Xe —Xe;' +e 2.0x 1071 48
AT* 4 Xe SAr4-Xel 4o 2.0%107" 48
Ar* - Ar¥ AT + Ar+4e 5.0x107" 50,51 f
Ard 4+ Ar¥ —Ar, -2Ar+4e 50% 1077 50,51 f
Ne* + Xe s NeXe' 4 ¢ 2310~ 45,46,72,116
Ne¥ + Xe —NeXe® + Ne +e¢ 23x1g! 46,45
Ne* + Xe —-Xet + Ne+te 7.5x 107 45,46,49,72,116
Ne# -+ Xe —2Ne + Xe™ + ¢ 7.5 107" 46,45,49
Mef + Net MNe,)b +2Ne e 50107 50,51 f
Ne* 4 Ne* Net - Ne e 50107 50,51 f
Dimer ion formation
Xe™* + 2Xe -Xe,! +4-Xe 2.5x 107 52,53,124
Xet 4 Xe + Ar = Xe,! + Ar 20x10 58,64
Xe¥ 4 Xe + Ne —Xest + Ne 1510 46,58
Xe' 4 2Ar —ArXe' -+ Ar 1.0x 10 % 61,62,115
Art + Xe  Ar —ArXe™ 4+ Ar Lox 107 61
Ar* 4 2Ar —Ar, + Ar 2.5x1077% 54,55,80
Xe* + 2Ne —NeXe' 4+ Ne 1.0 107 57,58
Ne*t 4 Xe + Ne ~NeXe™ + Ne Lox 10~ 57
Me* -+ 2Ne —-Ne,' - Me 44501077 56
Charge exchange reactions
Ar, -+ Xe+ Ar »Xet 4 3Ar 1Ox 107 63,64 g
ArXet + Xe —Xet -+ Ar -+ Xe 5.0x107°1° 65 h
ArXe' + Xe -Xe,' + Ar LOx 10~ 65,115
Ne,” + Xe + Ne ~Xe" + 3Ne 40107 63
NeXe™ + Xe —Xe" + Ne -+ Xe 5.0x107'° 65 h
NeXe* + Xe —-Xe,' 4 Ne 5.0x10 " 45 h
Xe + CI" —Xet 4+ Ct LOx10 "7 39 1
Xe + HC1' -»Xe" +HCl 34107 59,112
Art 4 Xe +Xe" 4 Ar 43%107% 40
Net -4 Xe ~Xe' +Ne 4351077 60
Neutralization reactions
Xe™ + CI™ - XeCl* SOXICTTP 66,68 ]
Xe,m 4 CI™ - XeCH* | Xe Same 66,68 i
ArXet 4+ Cl- - XeCl* - Ar Same 58,68 ]
Art - CI° s ATCIT* Same 68 3
Ar,t +Cl- — ArCl* - Ar Same 68 1
NeXe® + CI™ - XeCl* -+ Ne Same 58,68 j
Ne,” + CI™ 1% 4+ 2Ne Same 66,67,68 ik
Net + Cl” —CI* + Ne Same 66,67,68 i
Cl+ + ¢l - ClE 20%18 ¢ 68
Neutral kinetics
Xe* 4+ HCI(1) - XeCl* + H 2.0x107" 69
Xe** + HCH1) —»XeCl* + B 5.6x1071 76,81
Xe®* 4 HCI(O) -XeCl* + H 5.6x10° Y 70,81
Xe + Cl¥ - XeCH* + (1 5.0x107 At
Kexx¥ 4 HCI(0) —»XeCl* + H 5.6x 1071 70,81
KXe®** L HCI(1) - XeCl* + H 5.6 10 ¢ 70,81
Xe* + HCI(2) —XeCl* + H 2.0x10 7' 69
Ke** 4 HCI(2) -XeCl* + H 5610 "° 70,81
Xe*** L HCI(2) —XeCl*+H 5.6 107 1 70,81
Ar* + 2Ar — Ar¥ - Ar X110+ 77,78,79,113
Ar®® - Ar -s Ar* + AT 1.OXx10 84
Xe* + 2Ar > ArXe* + Ar LOX 103 73
Xe** 4+ Ar ~Xe* + Ax 1.0x 107! 84
Xe* -+ Xe + Ar —Xe¥ + Ar 2.3% 107 % 74
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TABLE L (Continued}.

Rate

Process (cm®s™ ') Reference Note
ArXe* + Xe —Xe¥ 4+ Ar 1.0x 10~ 50
Ar* + Xe - Xe** + Ar 2.1x 107 82,83,113
Ar* 4 Xe - ArXe* 50%10" 84 1
Ar¥ + Xe ~Xe* 1+ 2Ar 24%10° 1 50,85,113,114
Ar? +Xe —~ArXe* + Ar 5.0x107 84 1
Xe*** L Ar —Xe*¥ - Ar 1.Ox 1% 84
Ne* 4 2Ne -+ Ne# + Ne 4.0x107% 72
Ne**  Ne -»Ne* -4~ Ne 7.0x1G°" 86
Xe* 4- 2Ne —NeXe* + Ne 5.0x 10 57,39 m
Xe¥* - Ne »Xe* + Ne LOX 10! 86
Xe* &+ 2Xe Xt + Xe 50% 107" 74,75,76
Ci* 4+ HCI -Cl¥+H 5.0x 107" estimated n
A+ C+Xe —Cl, + Xe 2.5%107% 127
Xe* + Xe + Ne —Xe¥ + Ne 1.65¢(10~* 72
NeXe* + Xe —Xe¥ + Ne 1L.Ox 101 57,39
Xe*** 1 Ne —Xe** 4 Ne LOX10~ ! 36
Displacement channel
Ar* + HCI(0) - ArCl* + H 5.6x1071¢ 81,68
Ar** + HCI{(0) —ArCl* - H 5.6x10 ' 81,68
Ar* 4+ HCI(]) SArCI* 4+ H 5.6x 107 81,68
Ar** 4 HCK D) —ArCl* + H 5.6x 10710 81,68
Ar* + HCI(2) —ArCl* + H 561671 81,68
Ar** + HCI(2) S ArCl* 4 H 5.6 1071 81,68
ArCl* + Xe - XeCl* 4+ Ar 1.5 1071 27,88
Quenching reacticns
Xell* + Ar —Xe+ Cl+ Ar 2.0x10 " 89
XceCl* 4 2Ar -»X¢ + Cl+ Ar 30xio ¥ 89
XeCl* + Ne —Xe + €14+ Ne 33x107 " 90
XeCl* + 2Ne -+ Xe 4+ Cl + 2Ne 1.0 10-% 81
XeCl* 4 ¢ »Xe+Clte 2.0x10°° 92, this model 0
XeCl* + HCI -Xe+ HCl 4 1 8.0x 107 93,94,104 p
XeCl* + Xe + M ~Xe,Cl* M 5.0% 107 106,123 g
Xe,Cl* + HCL —2Xe + HCl 4- Cl 8.0x 30" 10 100
XeCl* + Cl -»Xe + 2C1 8.0} 10 1 100
XeCI*(C) +Xe+M —-Xe,Cl* + M 5.0x 10 100,123
XeCI* () + HCI —Xe + BCl + Cl 8.0x10" ¥ 93,94,104 p
ArCl* f e ~Ar+Cl+e 20107 92, this model 0
Arf +e —~2AT+ ¢ LOX 1077 95
ArXe* + e —Ar+ Xe+-e 1.Ox 107" 95
Nef + ¢ ~2ZNe -+ e 1.0x10 7% 95
NeXe* + ¢ ~»Ne+Xe+e 1L.Ox10 7 95
Xe,Cl* 4-¢ ~2Xe+Cl e 20107 % 92, this model o
Xe* te »2Xe e 1.ox10-* 95
Cl* + e -Cl+e 2.0x107¢ estimated r
Cit e -Cly+ e 2.0x 107" estimated T
Xe* + HCI -Xe +H+ Cl 5.6x 1071 96 p
Xe,C1*  Xe -3Xe + Ci 5.0x 1013 97,100
Xe,C¥* 4+ M —2Xe + Cl 4+ M 3.0x 101 97
Xe,CI* + Cl, -2Xe 4 Cl + Cl, 4031071 127
HCI{D) + e H 4 Cl+e 7.0x 10712 128 ;
HCI(1) 4+ e —~H+Cl+e 1.2x10°Y i28 s
HCI(1) + HCY(O) —2HCHO) Lox10-! 130
HCI(1) +H -HCHO) + H 7.0x 10" 130
HCI(1) + CI - HCHO) + C1 7.0x10 2 130
XeCl* - Xe —2Xe+ 2.3x10° M 104,106
XeCl*(C) + Xe —2Xe 4+ Ct 2.3x10 " 104,106
XeCl Cand X state reactions
XeCl* ¢ - XeCIHF(CYy+e 2.0 107" 92, this madel t
KeCl*(C) + e -XeCl* +- e 20x19°"8 92, this model t
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TABLE I (Continued).

Rate
Process {em's™h) Reference Note
XeCl* + M = XeCI*(Oy+ M R0x 1071 104
XeCl*(O) 4+ M - XeClt* + M 8.0x 10 10 104
XeCliX) + M —»Xe 4+ Ci4+ M ROx 107" 59,107 u
e+ Cl+ M - XeCHX) + M 1.2x107% 108
XeCl(X) + HCI -+ Xe + Cl + HCi 2.2 10 107
KeCH{X) +e »XeCl{4)Y + e 2.0x 107 92, this model v
Emission
/r{s ")
XeCH* —+XeCHX) + ¢ 6.0 107 90,104,105
KXeCl*{C) - XeCl{4) + ¢ 8.3x10° 104,105 v
Xe(Cl* 4 ¢ - XeCl(X) + 2¢ 42x107 "% em? This work W
Ke,CI* ~2Xe+4 Cl+ ¢ 74X 10° 100
Xe¥ —2Xe -+ ¢ 6.0 107 52,102 bb
Kew® ~Xe + ¢ 1.3 1 32,84 y
Ci ~Cl+ ¢ 5.0% 107 7 z
Cir ~Cl+é 10X 107 7 aa
Xe## SXKe* 4 g 1.5% 10 52,84 y
ArCl* SArFCl 6 2.4 107 98
Ar¥ =2Ar 4 @ 60X 107 102 bb
ArXe* AT+ Xe + ¢ 5.0% 107 84 X
Ne¥ —2Ne 4 7.5% 107 52
NeXe* —~Ne + Xe+ ¢ 5.0% 107 71 z
Ner# ~Ne + ¢ 6.0 107 52
Absorption
o {em?)
XeCHX) + ¢ - Xe(Cl* 1.4x107° This work e
Xe,Cl* + ¢ ~XeCI* 4 Xo 243107 126
Cl 4+ 4 —Ci+e 1.2x107" 101
Ke#** L & -Xe* te 18107 117 i
Xe** ¢ ~Xet 1 e 5.0x10 117
Xe* - ¢ Xe' A-e 6.0x 1072 119
Xe, + 4 —Xe* + Xe 25x10° 7 109,110
Xe¥ + ¢ -Xe,b v e 1.4x10 V7 52,67
CL+¢ = Cl¥ L7x 107" 120
Ci* + 4 —CIt ke 5.0 107 52 ee
Ar** + ¢ —Art +e 3.5x10°"® 117
Ar¥ 4 ¢ - AT 4 e 14x 107 84,118,52
ArXe* -+ ¢ —»ArXe! 4 ¢ L5107 41,121,122 dd
ArXet + ¢ - Ar + Xe* 1.sx 1Y 41,121,122 dd
Ary + ¢ —ArT 4 Ar 3.5x 1077 103,109,110
Ne*#* .+ 4 —»Ne* Le 23x107 39,117
NeXe* + ¢ -»NeXet + e Lo 107" 39 gg
NeXe' + ¢ —Xet L Ne Lox 167" 39 zg
Ne,' -+ ¢ —Ne* + Ne 1.9x 10" 11
Net 4. & —Ne,! +e¢ Loxig 52
Xe4 Cl+ ¢ -» Xe(l* 1.0 1077 104 hh

“Inferred from modeling and analysis of the experiment of Center er «/. (Ref. 34). These values incorporate deexcitation losses by superelastic collisions. See
discussion of HCl excitation in Sec. V.

b Cross sections measured by Allan and Wong (Ref. 36), integrated over Maxwellian electron distributions. In the range 0.5-3 eV the resulting rates are so
slowly varying as a function of 7, that they can be represented by these single vaines.

¢ Rate formula taken from Ref. 39, checked by integration over successive Maxwellian distributions of cross-section data from other listed reference(s).

9 Rate formula fit to successive integrations over Maxwellian distributions of cross-section data from listed reference(s), agrees roughly with curves in Ref.
41.

¢ Estimated by the authors using analogy with Refs. 42, 43, and 44.

fGas-kinetic saturated rate, analogous to measurement in krypton in Ref. 51.

& Analogy with Ref. 63.

" Analogy and extrapolation from Ref. 65.

“The rate quoted in Ref. 39 is given as a guess made by M. Kraus at the 32nd Annual Gaseous Electronics Conference, Pitisburgh, PA, Gct., 1979. The
concentration of C1™ generally remains small enough that the accuracy of this guess is not important.

i P=3 pressures of Xe, Ar, and Ne, in atmospheres.

* Analogy to Ref. 67.

'Guessed in Ref. #4.
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TABLE L (Continued).

™ Reference 39 contains a private communication source for this rate.

" Estimated as a saturated gas kinetic rate by the authors based upon energetics and analogy with Ref. 81.

See discussion of electron quenching in Sec. V.

¥ Rate identical for all vibrational states of HCL. Roughly twice as large as measured by Ref. 104

M =any heavy body. See discussion on xenon quenching in Sec. V.

" Estimated by the authors during private communication discussions of electron quenching processes with 3. L. Huestis, SRI International.
* Electron-impact dissociation cross sections from Ref. 128 integrated over 2-eV Maxwellian electron distribution. An electron energy of at least 10 eV would

be required to make this process competitive with dissociative attachment.

! Electron mixing rates for B and C states estimated by analogy with electron quenching rates for the same stales. See Sec. V.

U See discussion of ground-state dissociation in Sec. V.

¥ XeCl(4) state is dissociative, resulting in Xe + CL

* Stimulated emission cross section discussed in Sec. I1.

*Estimated in Ref. 84.

Y Estimated in Ref. 84 by analogy with Ref. 31.

? Estimated by D. L. Huestis, SRI International in analogy with Ref. 46.
2 Assumed upper limit for guartet-to-doublet radiative rate.

° Average of singlet and triplet lifetimes, weighted by state populations.
“ Cross-section discussed in Sec. IT.

44 Estimated in Ref. 41 by analogy with ArKr* from Ref. 121, and from analysis in Ref. 122.
e Estimated by analogy with excited rare gas molecule photoionization cross-sections in Ref. 52.

¥ Estimated by analogy with results in Ref. 117.

28 Guessed by the authors of Ref. 39, based partly upon their modeling. Number densities of these absorbers are low enough that the model is not sensitive to

arder-of-magnitude variation of this cross section.
"t Estimated from calculations and modeling; see Sec. V.

ble about 1 €V from the ionization threshold in order to fol-
low the ionic species accurately, and to model laser absorp-
tion by photoionization. However, a fourth metastable, to
provide a finer structure within the bands represented by
either Xe** or Xe*** is not important to the accuracy of the
model, especially compared to uncertainties in the rates of
certain other processes discussed in Sec. V.

The model follows two vibrarionally excited states of
HCI, in addition to a ground state. Since the dissociative
attachment rate of HCI (V= 2) is more than an order of
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FIG. 15. Xenon metastable manifold, showing how the kinetic model ag-
glomerates excited metastable states into Xe*, Xe**, and Xe¥**,
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magnitude greater than the electron-impact excitation rate
to HCI (¥ = 3), tracking higher vibrational levels would be
superfluous. Effective HCl attachment rates have been a
subject of considerable interest and controversy in modeling
XeCl, and are also discussed in Sec. V.

Deposition of energy in the gas by ¢ beams follows in
general the formulation of Lorents®' to describe species for-
mation. That is, beam electrons produce both jons and excit-
ed metastables of the rare-gas atoms, with a prescribed frac-
tion of the beam energy going info scattered secondary
electrons. The general deposition of energy can than be com-
pared to calculations using Monte Carlo codes,*” and the
comparison is excellent. Deposition fractions used for argon
(26.05 eV /ion pair total) are: 15.76 ¢V to ionization; 3.29 to
excitation; 7.0 eV to electrons. Similar numbers for neon (41
eV/ion pair) are 21.6, 5.20, and 14.2 eV, respectively, and
for xenon (21.26 eV /ion pair) 12.2, 2.06, and 7.0 eV, respec-
tively. Berger-Seltzer cross sections®® at appropriate elec-
tron energy are used, multiplied by a factor of 2.8 to account
for three-dimensional (3D) effects.

The secondary electron temperature is calculated by
balancing the energy flow into and out of the electron gas
from deposition of the e-beam energy and from the various
inelastic scattering processes, such as recombination and at-
tachment. Rates for electron kinetic processes are then cal-
culated using this temperature from fits to convolutions of
the relevant cross sections over Maxwellian electron distri-
butions at various temperatures. The electron distribution in
such an e-beam-pumped gas with an attaching molecule
present is certainly not Maxwellian, but the deviations ap-
pear not to be important for the purposes of this kinetic mod-
eling. Electron impact ionization and excitation of the rare
gases depend only on the high-energy taif of the distribution,
and in any case these remain minute compared to the contri-
butions of the electron beam. For processes that do depend
upon lower-energy electrons—such as dissociative attach-
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ment and dissociative recombination—we have checked the
validity of the electron temperature modeling process two
ways. First, Boltzmann code calcalations producing non-
Maxwellian profiles have been used to recalculate rates of
critical processes at representative electron temperatures
(e.g., 1.8 €V); second, arbitrary analytic distribution func-
tions, chosen as limits of the shapes produced by the Boltz-
mann calculations, have been separately convolved to calcu-
late the key rates. In pure rare gases at very low pump rates
(stch as the low end of the NRL experiment discussed
zbove), the electron temperature model may not be suffi-
ciently accurate. But for laser gas mixtures, and for all mix-
tures at pump raies above about 75 kW/cm?, neither of the
comparison procedures produced kinetics resuits signifi-
cantly different from those of the simpler electron tempera-
ture model. In Table I, analytic expressions for kinetic rates
as functions of electron temperature or energy are given in
place of single rates for the electron processes. The expres-
sions are obtained from fits to Boltzmann calculations, as
described above. Some of the expressions have been taken
from similar fits given in Ref. 39, but these as well were
checked by the present authors using a Boltzmann code and
the cross sections referenced in Table 1.

The C state of XeCl* and its associated processes are
carried explicitly in the model. B-to-C state mixing, princi-
pally by heavy body collisions, mixes the two states very
rapidly; the ratio of B-to-C state population densities typical-
ty varies from 1.5 to 3.0, depending on pumping conditions,
gas mix, and time elapsed in the pump pulse.

The simulations presented here are accomplished by si-
muitaneous solution of the rate equations associated with
the reactions in Table I in & Fortran computer code. The
general design of this code, including the integration meth-
ods, Boltzmann solution, and Rigrod extraction model, are
described in an earlier paper.'”®

V. KINETICS ISSUES

The major kinetics issue in xenon chloride is in fact a
tightly connected complex of issues that must find a com-
mon solution. In general, these issues relate the electrons,
the halogen donor (HC1), and the processes through which
those species directly influence pumping and quenching of
XeCl. The extent and difficulty of the interactions is illus-
trated by the conflicting implications of a few of the key
experiments. Long-pulse lasing experiments,” rogether with
moderate pulse-length experiments,® suggest that HCl burns
up at a steady, gradual pace during the laser pulse. A series of
kinetics experiments'?> measured electron densities for mid-
length pulses (of roughly the excitation ievels of Ref. 8§) and
showed sudden jumps in mic pulse for low initial HCI pres-
sures; these results suggest that HCI burns up rapidly. At-
tachment rates for vibrationally excited HCl are known to be
high,”® and various measurements of the excitation cross sec-
tions for HCl by secondary electrons'®' suggest that, for sec-
ondary electron temperatures in the 1-2 eV range, the excit-
ed HClcould be a large fraction (on the order of 309% ) of the
initial concentration. On the other hand, direct experi-
ments'*? measured the excited HCI concentration as never
exceeding 8%. Finally, fluorescence measurements of
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XeCl(B) (Ref. 12}, suggesied that at low HCI concentra-
tions electron quenching dominates over HCI guenching,
but strong electron quenching is inconsistent with the com-
bination of high electron densities and laser performance
data. In sum, electrons do and do not excite HCl rapidly, do
and do not guench XeCi* rapidly, and do and do not deplete
HCl rapidly.

The starting place for the current model in this contro-
versy is the experiment of Center ef al."? on excited HCl
concentrations. Previous models of XeCl kinetics have used
excitation rates for AV == 1 transitions in HCl on the order of
2.5%x10°* cm®s ! for electrons in the temperature range
1-2 ¢V. Integration of experimentally derived cross sec-
tions'*! over a 2-eV Maxwellian yields a value of about
6.0 1077 cm® s~ ’. Using either of these values produces
an excited fraction of HCl in the 30% range, as suggested
above .The measurements of Center ef ¢l., Fig. 16, show a
variation in excited HCl fraction as a function of pump pow-
er for two different initial HCI concentrations; this excited
fraction varies between about 1% and about 89%. Since the
valpe of the excitation rate constant calculated from the
cross-section data does not include superelastic deexcita-
tion, it is clear that an effective overall excitation rate would
be somewhat lower. The value of 1.5X 18 ® cm’s ~! used
in the present model was chosen because it provides an excel-
lent fit (Fig. 16} to the Center ef a/. results, and is quantita-
tively a balance for a lumped rate constant to include both
processes of excitation and deexcitation.

The lower excitation rates suggest that burnout of HCl
is nof a serious concern, and indeed the excitations provide
ample pumping to permit excellent fits to laser energy ex-
traction, as illustrated in Sec. IIl. The next question is
whether the attachment driven by this excitation is adeguate
to calculate the electron densities measured by Kimura et
al.'* Extensive simulations and analysis of these results were
performed and have been previously reported.’ In sum-
mary, for moderate and high initia} HCl concentrations, the
model predicts values of the electron density that are within
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FIG. 6. Data (points) and model simulations (solid lines) for peak values
of excited HCI concentration ( X 10" cm ™'} vs pumping e-beam current
(A cm %) measured in the experiment of Center ef ¢/ (Ref. 132). Open
points are for 0.1% initial concentration of HCl in 1 atm of argon; closed
points are for 0.2% initial concentration.
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FIG. 17. Data (dashed lines) and model simulations (solid lines) for mea-
surements of electron density ( X 10" cm ) vs e-beam pulse time (ns) in
the experiments of Kimura ef ¢/, (Refs. 12 and 133). Total pressure was
3000 Torr with neon buffer gas. (a) Curves for initial HCI concentrations of
(a) 0.2% and (b) 0.16%, and a representative e-beam pulse shape (shown
with points). Note error bar from experimental paper; all the simulation
points lie within the error bars. {(b) Curves for initial HCY concentrations of’
() 0.12% and (d) 0.08%, and a simulation {¢) of the same conditions in &
gas with no HCl at alt.

the experimental error bars at every point throughout the
puise [Fig. 17(a)]. At low initial HC] concentrations, the
experimental electron density curves initially retain similar
shapes, but about the middle of the pulse they rise dramati-
cally; the model calculations reproduce the first half of the
puise faithfully, but fail to predict the large increases {Fig.
17{b)]. A calculation performed with no HCl present in the
neon-xenon gas{curve ein Fig. 17(b} | also fails to show the
increase in electron density, suggesting that HCl depletion is
not the source of such a phenomenon. Arguments presenied
in Ref. 133, based on both charge balance and energy bal-
ance, demonstrate that the no-HCI calculations are correct,
and that the existence of such high values of electron density
is questionable.

Finally, XeCl* fluorescence measurements also pub-
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F1G. 18. Data (dashed line) and model simulations (solid line) of relative
peak flucrescence from the XeCl* (8) state (arbitrary units) vs initial HCl
concentration {Torr) for experiments at moderate pumping levels. (a) Fx-

periments at Thermo Electron Technologies Corporation (Ref. 135). (b)
Experiments at Spectra Technologies, Inc. (Ref. 136).

lished by Kimura ef ¢l. were plotted as a function of initial
HCl concentration to obtain a Stern-Vollmer plot of
quenching of the upper state. Compared to predictions of the
model, the data of Ref. 12 showed too steep a slope. Even
correcting for artificially high electron densities at low HCl
concentrations, the experimental data suggests significantly
more guenching than can be accounted for by the HC, and
the mode! identifies the additional contribution as arising
mainly from electron guenching. The rate constant for this
process initially used in the model was 2.0X 1077 em®s %,
a number widely used in the community and inferred from
experiments in krypton fluoride by Trainor and Jacob.'*
However, considerably lower values had later been reported
by Morgan and Pound® and by Burnham ef al.,”> based on
a similar analysis of their own experimental data in xenon
chioride. Conseguently, the authors requested that Dr. J.
Oldenettel and his colleagues perform a Stern~Vollmer anal-
ysis on their XeCl device. The results of their experiment*
are shown in Fig. 18(a), along with model simulations per-
formed using Morgan and Pound’s electron guenching rate
constant of 2.0X 107 % em® s . The model and data agree
well within experimental error, although the failure of the
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TTC data to turn over at very fow HCI concentrations re-
mains unexplained. Subsequently, Dr. Kannari and his col-
leagues at Spectra Technologies performed a second set of
fluorescence measurements, for which a Stern—Volimer
analysis differed strongly from the first set of data,'” but
agreed guite well with the model. A comparison of the new
data’*® with model calculations {again using low quenching
rates) is shown in Fig. 18(b). The lower electron quenching
rate has therefore been adopted as an integral part of the
model. Lt should be noted that the higher quenching rate had
proliferated by analogy to other processes, such as electron
guenching of rare gas-halide triatomics, both in earlier mod-
els and our own. In all these cases, the present model now
uses the lower electron guenching rate.

The other major quencher of the excited XeCl molecule
is atomic xenon, which through a three-body quenching pro-
cess produces the major absorber Xe,CI*. Laser output un-
der some pumping circumstances can be a sensitive function
of this rate constant. Measurements by Lorents, Sharpless,
and Huestis'?? show a fairly strong pressure dependence to
the rate constant, with a value in the vicinity of 7.0 10~ %
cm®s ™!, and perhaps as high as 1.06X 10 "** em®s !, The
value used in the model is 5.0 10 ! cm®s !, at the lower
end of the measured range. But the factor-of-2 upper range
produces a significant difference in predicted laser perfor-
mance, in effect an inability to simulate the experiments pre-
sented in Sec. III accurately. Once again, the authors ap-
pealed to the experimental team at Thermo Electron
Technologies Corporation, who performed a direct mea-
surement of Xe,Cl* sidelight flucrescence.'®” The experi-
mental pulse shape, together with the model’s simulation of
it (using the low rate constant), are shown in Fig. 19. Be-
cause the detector used in the experiment had a 100-nm
bandwidth, it was necessary to include in the stmulation
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FIG. 19. Data (dashed line) and model simulstions (solid line) of sidelight
fluorescence ( W/cm”) in the band 500--600 nm vs time (ns) measured dur-
ing lasing experiments simitar to those shown in Figs. 9 and 10 performed at
Thermo Electron Technologies Corporation (Ref. 137). Principal radi-
ation in this band is from Xe,Cl*, with smaller contributions from xenon
and neon metastable states.
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spontaneous line radiation from excited atomic states of xe-
non and neon for those particular states that lay within the
detector’s acceptance. The excellent agreement of the model
both with the magnitude of the flucrescence signal and the
shape of the pulse suggest that the value of 5.0%x 10"
em® s~ ! is appropriate for lasing conditions; substitution of
7.0510 3! ¢cm®s ! substantially degraded the agreement
with these measurements,

Another topic that has received considerable study and
debate is the question of dissociation of the lower laser level,
XeCl(X). Like the ground state of XeF, the X state in XeCl
is bound; but unlike XeF, it is weakly bound: roughly 250
cm ', or about k7 at room temperature. Thus one would
expect bottlenecking to be less of a problem for XeCl than for
XeF. A direct measurement of the decay of the X state by
collisions with various heavy molecules and atoms was made
in 1979 by Waynant and Eden.'%” Their measurement sug-
gested that although the rate constant for quenching by HCl
is relatively high (2.0 107" cm® s~ 1), the rate constants
for quenching by xenon and neon are considerably lower
(6.0x10° and 1.0X10 " cm’®s~!, respectively). In
typical neon-buffered laser mixtures, this would make xenon
the most effective guencher, with an X state lifetime of
roughly 15 ns.

However, such a long lifetime proved impossible to cor-
relate with laser experiments in either simple or compiex
kinetic models. Levin ef al." chose a rate corresponding to an
X state lifetime of about 1 ns, and Kannari ef a/.” chose to
model the process with a 200 ps lifetime rather than a rate
equation. Burnham ef ¢/.>® at the Naval Research Laborato-
ry assumed za lifetime of * < (0.5 ns” in their kinetic model.
However, they independenily measured the decay of the X
state, and concluded experimentally that the lifetime was
appreximately 1 ns. The present model uses a kinetic rate
constant of 8.0 10" 2 cm®s ! for collisions with all rare-
gas atoms; in neon buffers, this is equivalent to about a 1.3 ns
lifetime. Including the reverse reaction reconstituting
XeCl{X),'"?® the net lifetime is close to 1 ns, a value that
provides accurate simulations of lasing and scaling across
the range of extant data.

A final kinetic process deserving specific mention is ab-
sorption of 308 nm photon by photoassociation of xenon and
chiorine atoms, viz.,

Xe + Ci + hv—Xe(H*,

This is an extracticn loss since, although the absorption does
result in a new upper state, the process effectively doubles
the time for quenching of that state. Numerous theoretical
estimates'*® of a cross section for this process have been
made with more than an order of magnitude span from
roughly 1.0X 18~ % t0 5.0x 1637 cm? The general effect
of changing this cross section is to raise or lower curves of
energy delivered in lasing calculations without significantly
changing their shape. Because of this, and because of the
large uncertainty in its value, this cross section was used as
the final free parameter in tuning the code that employs this
model. That is, once other values had been fixed by direct
experiment or, as just described above, by combinations of
experiments and inference, the value for the photoassocia-
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tion cross section was chosen as 5.0X 107 %% cm? because
that value gave the best fit to the Sandia lasing data.”” That
cross section—and all the other rates and cross sections in
the code— were held fixed for all subsequent simulations.
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APPENDIX: CALCULATION OF THE STIMULATED
EMISSION AND ABSORPTION CROSS SECTION

Our starting points are the definitions of o4 (v) and
o, (v) given in Egs. (6) and (7) of Sec. IL. In evalunating
these expressions, approximate descriptions of the vibration-
al and rotational eniergy level structures of the B and X states
have been taken from the literature.'*'” For the X state, the
vibrational energy levels are

G"(V")=12622X+0321X7% + 0.0853X > + 0.00191X %,
(AD)

where X= (V" + §). (All energies will be giver in cm ™ )
For a given vibrational level, the rotational energy levels
may be approximated by'®

FU(N"y=B"K,—D"(K/ )+ H"(K)', (A2)
where
K/=N"(N"+1)+aN",
Ki=N"(N"+1)—a(N"+1). (Ad)

We use the notation of Tellinghuisen et af.,'? i.e., B”, B”,
and 7 " arethe rotational constant and centrifugal distortion
constants, respectively; N ” is the rotational guantum num-
ber; and eand f denote the two spin components foreach N ",
In terms of the total angular momentum J *, Egs. (A3) take
the form

Ki=(J"-DJ"+ D +ald” 1),

Ki=(J"+H"+3) —ald" + 33,
where the allowable vajues of J ¥ are /" = 1,3,5,... .

The splitting constant a =0.4 for the X state. The con-
stants B, D7, H " are in general functions of the vibrational

guantum number V", and are givenin Ref. 2 for V" = 0and
Vo= 12:

(A4)

V=0
B" =056, D" =93x10"7,
H" = —20x10 ",
V' =12
B”=0.0274, D" =19%x10"°9,
H"= —1.8X10" °, (AS)

For values of V" between G and 12, we estimated the values
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of B", D", and H " from the values in (A5) by interpolation.
For the B state, the vibrational energy can be approxi-
mated by

G(V')y=194.75Y — 0.62777?, (A6)
where ¥= (V' +1). The rotational levels are*™?!

F'(K[;)=B'K, —D'(K), (AT)
where

Ki=0"( + 1) —§—8(J +1),

K;=J'(J' + 1)~ +8(J + 1), (A8)

withJ’ = 4,3... being the allowable values of the total angular
momentum. The estimated value of the splitting constant §
from Ref. 18is 2.0, and the constants B "and D' are given for
V'=0asB' =0.0669and D' = 3.2 X 10~ " . In the absence
of more detailed spectroscopic information, we take these
constants {o be independent of ¥,

The resulting energy level structure is shown schemati-
cally in Fig. 20, along with the allowable transitions out of
the XeCl(B) J' = je state. We note here that the ¢ and f
designations dencte states with parity + ( — 1)’ 7% and

— ( — 1) 4 respectively,?® so that the parity selection rule

{(+ - —, — — +) and the angular momentum selec-
tion rule (AF= + 1) are consistent with transitions only
between states of like (e or f) designation. We note also that
& = 2.0 resuits in a degeneracy between ¢ and fstates with
values of /' which differ by 2.

Having described the B and X level structures, we now
proceed to the calculation of the desired cross sections. For
the stimulated emission cross section we require the parti-
tion function Q' obtained by summing over the levelsof the B
state:

' = 222(21' + 1ye~ LG+ FIDRe/RT

V'iefJ’

(A9)

where we have indicated explicitly the sum over both ¢ and f
levels. The sum in (A9) extends over all bound vibrational
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and rotational levels, i.e., those levels which satisfy the con-
dition

D, =GV Y+ F(J)]>0, (A10)
where D/ == 36 553 cm ™' is the dissociation energy. The
stimulated emission cross section at wave number v is then
given by

Qo (v) =

AT, + GV~ G" (V") + F'(J)—F"(J + 1)
(P branch),
AT, + G (V) —G" (V") +F'(J')-F"(J = 1)

(R branch).
(AlD)

The electronic energy difference AT, is approximately
32 450cm ', Inthe numerical evaluation of (A11), we esti-
mated the required Franck—Condon factors by interpolation
from the values given in Table V of Refl 16. Numerical re-
sults are shown in Fig. 2 for the wavelength range 3065-3095
A.

The calculation of the absorption cross section proceeds
along similar lines—the partition function ¢ ” is of course
obtained by summation over X state levels, with the condi-
tion

D:’_lG"(V”)—"F”’(J”)]:}O, (Alz)

where D7 = 281 cm ™ ', and the argument of the exponen-
tial in (A11) is replaced by [G (V") + F"(J ") Jhe/kT.
Mumerical results for o, (v) are also shown in Fig. 2.
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