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The atomic xenon laser operates on seven infrared transitions (1.73-3.51 um) between the 54
and 6p manifolds. Entrinsic laser power efficiencies exceeding 5% have been previously
obtained in Ar/Xe mixtures, principally at 1.73 pm (54{3/2}, - 6p[5/2],). The kinetic
mechanisms responsible for this performance, though, are not well understood. In this paper,
we report on a computer model for the electron-beam-pumped xenon laser in Ar/Xe mixtures
with which we have investigated some of these excitation mechanisms. Based on the results of
a parametric study of power deposition (50 W cm ~* to 100 kW cm™?), gas pressure {0.5-6
atm}, and xenon fraction, we suggest that the high efficiency obtained in Ar/Xe mixtures is
due to rapid collisional cascade to the upper laser level of the 1.73-£m transition folowing
dissociative recombination of ArXe ™ and selective quenching of the lower laser level of the
1.73-um transition by collistons with argon. The results of our model indicate that the decrease
in laser performance at high Xe fractions resalts from electron-impact excitation of the lower
iaser levels (65— 6p) and quenching of the 54 manifold by collisions with atomic xencn. The
degradation of laser performance at high specific power deposition is most likely due to
electron-collision mixing of the 54 and 6p manifolds. As a result of the lower levels being
cleared dominantly by atomic collisions, we predict that optimum performance is then
obtained at higher gas pressures when increasing power deposition. The results of the model
predict that optimum power deposition is cbtained when the fractional ionization is =2

3108,

i INTRODUCTION

During the past few years, there has been a concerted
effort to develop the atomic xenon laser as an efficient source
of coherent radiation in the near infrared.” " This laser is
attractive from a system standpoint because iis gas lifetime is
expected to be long due fo its use of only rare-gas mixtures.
The xenon laser operates on seven infrared transitions
(1.73-3.51 gm) between the 54 manifold (upper levels) and
6p manifold (lower levels). In specific gas mixtures, oscilla-
tion may also occur between the 7p and 7s manifolds at 3.43
and 3.65 um.(See Table I and Fig. 1.) Intrinsic power ¢ffi-
ciencies {laser power/pump power) of 39%-3% have thus
far been demonstrated.>®”” These high efficiencies have
been obtained over a large parameter space in pump power
(i0s Wem ™ ® to 10°s kW cem™?), gas pressure (0.6-5
aim), and excitation method (e-beam, e-beam sustained dis-
charge, and fission-fragment excitation}. The laser operates
efficiently over this large parameter space because the 6p
manifold is depopulated by tight coupling to the 6s manifold
by radiative transitions at low pressures { < 100’s Torr) and
collisional guenching at high pressure. Inversions are there-
fore readily obtained by populating the 54 states.

Laser efficiency and the laser spectrum are sensitive
functions of the gas mixture.! Ar/Xe, He/Xe, Ar/He/Xe,
and Kr/Xe gas mixtures have been investigated by particle-
beam excitation with xenon mole fractions of < 10%.%° The
highest laser efficiencies have been obtained in Ar/Xe mix-
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tures and Ar/He/Xe mixtures® with xenon mole fractions of
C.1%~2%. In Ar/Xe mixtures, the 1.73-um transition car-
ries »0.75 of the power, while laser oscillation is guenched at
Xe mole fractions in excess of i0%.

Since the most promising laser performance has been
obtained in Ar/Xe mixtures, the majority of experimental
work has been conducted on that system. In spite of this
work, though, the excitation and guenching mechanisms
that are responsible for the laser’s performance are still top-
ics of discussion. Early analysis of the laser’s performance
resulted in the hypothesis that dissociative recombination of
ArXe™ nearly directly populates the 54 manifold (upper
laser level) of xencn, while dissociative recombination of
Xe,” leads directly to the 6p manifold (lower laser level} "
These reaction pathways were used to explain why high laser
efficiency is obtzined in Ar/Xe mixtures, and why laser os-

TABLE 1. Xe 1 infrared laser transitions.

Wavelength 7

Transition (pm)
54[3/21.-6p[5/2], 173
-6p[3/2], 2.03
- 6p[1/2], 2.65
5d[5/21,—6p[5/2], 2.48
5d15/21,-6pl5/21, 2.63
—6p[3/2], 3.37
3d{7/2],—¢€pl5/2], 3.51
7p15/21, - 7s[3/2], 3.43
ol1/21,-75(372], 3.65
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FIG. 1. Energies of the xenon levels included in the model. The positions of
ArXe™t and Xe,' areshown for reference. The enlarged portion of the figure
shows the xenon laser transitions.

cillation terminates at high xzenon mole fractions. There is
clear evidence, though, that other reaction pathways are also
important in this respect. For example, laser oscillation on
both 7p—7s and 3d — 6p transitions has been obtained in the
expansion phase of laser-produced plasmas in xenon where
recombination is the dominant pumping mechanism. '
These resuits indicate that recombination of Xe,” may popu-
tate levels higher than the 6p manifold, enabling cascade ex-
citation of the 5d manifold. The indirect, yet selective excita-
tion of the upper laser level by recombination of ArXe™ and
Xe,' is also suggested by the results of Peters, Mei, and Wit-
teman.” They found that in e-beam-excited lasers the delay
between the beginning of pumping to the onset of laser oscil-
lation decreased with increasing gas pressure. From these
results, they hypothesized that excitation of the 54 manifold
is a consequence of atomic collision processes following re-
combination to higher excited states.

Further evidence of the more complex reaction mecha-
nism can be found in the dependence of the laser spectrum on
gas mixture. The 2.03- and 1.73-um transitions share the
same upper laser level {54{3/2],), and the 2.03-pam transi-
tion has the higher oscillator strength. Therefore, one would
expect that the 2.03-y.m transition would dominate over the
1.73-um transition under most conditions. This is, in fact,
the case in He/Xe mixtures and in He/Ar/Xe mixtures hav-
ing a large He mole fraction.'>? The 1.73-um transition,
however, dominates in Ar/Xe mixtures. This behavior im-
plies that in Ar/Xe mixtures there must be some degree of
selective quenching of the lower laser level of the 1.73-um
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transition (6p{5/2],) by argon or that the 2.03-um transi-
tion is suppressed by selective pumping of its lower laser
tevel (6p[3/2],). These observations suggest that heavy-
particle quenching reactions must be considered on a par
with the pumping reactions to expiain the laser’s perfor-
mance.

In this paper, we will use the results of a kinetics model
to discuss the excitation mechanisms of the electron-beam-
punmiped atomic xenon laser operating in Ar/Xe gas mix-
tures. This discussion will include a survey of the gas pres-
surcs and power depositions which result in the maximum
intrinsic laser power efficiency. The resulis of cur model in-
dicate that recombination of ArXe ™ is largely responsible
for exciting the 54 manifold. The excitation process, though,
is most Hkely indirect. Our model results are consistent with
experiments when we specify that recombination is followed
by heavy-particle quenching of higher excited states of xe-
non to both the 54 and 6p manifolds. We also find that the
rate of recombination of Xe,” is not sufficient to quench
laser oscillation at high Xe mole fractions (2%-10%), and
that there is experimental evidence suggesting that this re-
combination populates higher excited states. The quenching
of faser oscillation at high xenon mole fraction appears to
result dominantly from intramanifold quenching of the 54
levels by collisions with atomic xenon, with additional con-
tributions from electron-impact excitation of the 6p mani-
fold from the 6s levels and formation of xenon dimers which
extract excitation from the atomic manifolds. By parame-
trizing the model and comparing to experiments, we propose
that electron collisional mixing of the 6p and 54 manifolds is
largely responsible for the increase in laser saturation inten-
sity observed at increasing pump rates, and for the quench-
ing of laser oscillation at high specific power deposition.

In Sec. I we review a selection of previous results from
investigations of e-beam, discharge, and fission-fragment-
pumped xenon lasers, and we discuss some implications of
those results in Sec. 1. In Sec. IV we describe our model for
the xenon laser in Ar/Xe mixtures. Results from our model
are discussed in Sec. V, followed by our concluding remarks
in Sec. VL

t. A REVIEW OF SELECTED PREVIOUS
INVESTIGATIONS ON THE XENON LASER

In this section, we will briefly review selected previous
experimental investigations of the atomic xenon laser. We
will restrict our attention to studies of high-pressure (»0.5-
1 atm) pulsed excitation by particle beams and discharges
which relate to this work by providing information about the
kinetic mechanisms responsible for the laser’s performance.

Ar/Xe gas mixtures have thus far provided the basis of
the most promising xenon lasers, and the majority of para-
metric studies have been performed on that system. Basov ef
al."? and Lawton ef af.'” investigated Ar/Xe mixtures at
pressures above | atm, and first-order kinetic models of the
laser were presented. Lawton er al.'? investigated Ar/Xe
mixtures excited by an e-beam sustained discharge. At a
power deposition of 5-7 kW cm ~ 7, they obtained laser effi-
ciencies of > 19 with pulse lengths of 14 ys. With a xenon
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mole fraction of ¢.7% and gas pressure of 2.6 atm, the domi-
nant laser transition was at 1.73 pm and the secondary tran-
sition was at 2.63 gm, carrying approximately 0.25 of the
taser power. Due to there being ringing in the discharge cir-
- cuit, power deposition varied during the excitation pulse
which caused a variation in the laser spectrum as well. High-
er power deposition favored the 1.73-um transition, while
lower power deposition favored the 2.63-um transition.

Basov ef al.! reported intrinsic energy efficiencies of 5%
in an e-beam sustained discharge. They obtained intrinsic
energy efficiencies > 19-2% with e-beam pumping al a
power deposition <70 kW cm 7 and with a pulse duration
of 3.5 us. Maximum efficiency was obtained with xenon
mote fractions of 0.5%—1.0% and at pressures of =3 atm.’
At optimum conditions, the 1.73- and 2.63-um transitions
dominated, with the 1.73-um transition carrying »>0.90 of
the laser power. Basov et gl found that above a xenon
mole fraction of a few percent, the 1.73-um transition
guenched and the 2.63- and 2.65-um transitions began to be
dominant. At xenon mole fractions in excess of 10%, the
3.37-um line is the cominant transition. At these higher
mole fractions, though, total laser power decreased signifi-
cantly, and so the absolute power obtained on transitions
other than 1.73 um is small.

The fact that intrinsic laser efficiencies in excess of 5%
have been obtained in Ar/Xe mixtures is impressive consid-
ering that the quantum efficiency of the 1.73-um transition
(with respect to the ground state of xenon ) is =7%. Lawton
etal.'® and Basov ef al.? suggested that these high efficiencies
are the result of there being a substantial amount of energy
recirculating between the metastable state (6s5) and the
atomic ion. In this process, commonly called electroioniza-
tion, laser oscillation occurs between the 54 and 6p mani-
folds, after which the 6p manifold relaxes to the metastable
6s {(or 6s5') states. The metastable states are then ionized by
electron impact. After dimerization, cascading following re-
combination of ArXe™ (or Xe,” ) results in excitation of
the 54 manifold. The quantum efficiency based on the elec-
troicnization cycle is =~ 30%.

Recent investigations have been performed by Wexler et
al. ' Suda er l.,% and Tucker et al."® at Naval Research
Laboratory on e-beam, e-beam sustained-discharge, and
self-sustained discharge excitation of Ar/Xe mixtures. With
e-beam pumping, the power deposition was 7-42 kW cm 3
at gas pressures of 1-4 atm and puise lengths of 2.5-3.0 us.
They obtained their highest intrinsic laser-energy efficiency
of 2.6% at a xenon mole fraction of 8.5% at 3 atm, pumped
at 24 kW cm ~*. With e-beam sustained-discharge excita-
tion, the maximum intrinsic laser-energy efficiency was
3.2%. With self-sustained discharge-excitation there was
poor coupling of the PFN to the discharge reslting from the
fow impedance of the plasma (0.05 ). The energy effi-
ciency was therefore a low 0.4%. Approximately 75% of the
laser power was at 1.73 gm and 20% at 2.63 zm at optiroutn
conditions. At higher xenon mole fractions, the fractional
laser power at 1.73 um decreased with respect to that at 2.63
pm, while the fractional power at 2.65 ym increased signifi-
cantly. The laser spectrum was only weakly dependent on
total gas pressure between 2 and 4 atm.
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Jacob'® has also investigated e-beam-excited Ar/Xe
mixtures. Thelr parameter space included a pressure range
of 1.22-2.25 atm, power deposition of 2.2-16.2 kW cm
and pulse length of 630 ns. At a zenon mole fraction of 0.5%,
they obtained intrinsic laser efficiencies of 2.19~3.9%. The
laser power was dominantly at 1.73 gm due, in part, to optics
which discriminated against the 2.6-um transitions. With a
gas pressure of 1.22 atm, they obtained a maximum in laser
efficiency of 3.9% at a pump power of 6.8 kW em ™, de-
creasing t02.1% at 16,2 kW cm ~ . By using a Rigrod anal-
ysis, Jacob estimated their small signal gain to be =0.06
cm ™! at 1.73 um under optimum conditions. This high val-
ue would seem to confirm their observations of amplified
spontanecus emission {ASE) as well as those by Suda et
al®’

Particle-beam excitation of Ar/Xe mixtures at low-
power deposition has been investigated by Alford and Hays®
and Patterson, Samlin, and Brannon.'” Alford and Hays in-
vestigated fission-fragment excitation of Ar/Xe and
He/Ar/Xe mixtures at power deposition of 1-100 W cm
and pulse lengths of 200 s to 5 ms. Using Ar/Xe mixtures
the gas pressire was (.6 atm with a xenon mole fraction of
(1.5%. Intrinsic laser power efficiencies 0f 4.9%-5.8% were
obtained at pumping powers of 2-10 Wem ~°. They ob-
served, though, that laser oscillation could not be sustained
for the entire pump pulse. Oscillation terminated after ap-
proximately 50 m¥ cm * was deposited. Patterson and co-
workers'” investigated e-beam excitation of the same mix-
ture at a power deposition of 0.1-1.0kW cm ~ *, gas pressure
of 1.0 atm, and pulse length of 1 ms. They found that laser
oscillation also terminated prematurely. The specific energy
deposition at which oscillation terminated was found to be
=200 mJ cm ~* for their range of pump powers.

Basov er al’? also investigated e-beam sustained-dis-
charge pumping of He/Xe mixtures. With a gas mixture of
3.5 atm they observed that the dominant transition was at
2.03 pm. This transition shares the same upper laser level
(5413/21,) as the 1.73-um transition which dominates in:
Ar/Xemixtures, The total laser power decreased to approxi-
mately 0.2 of that in Ar/Xe mixtures. Since the competing
transitions share the same upper level, the differences in la-
ser spectrum in the two mixtures must be attributed to differ-
ences in excitation or quenching of the 6p manifold. With
helium as the buffer gas Basov ez ¢/.? obtained secondary
transitions at 2.65 um, and at 3.43 and 3.55 gem between the
7p and 7s manifolds. The latter transitions are not observed
in Ar/Xe mixtures. Similar results were obiained by Peters
and co-workers® using a coaxial electron beam, and by Law-
ton et al.'® using an electron-beam sustained discharge.
These results imply that recombination pumping in the
He/Xe mixtures cascades through higher levels than in
Ar/¥e mixtures. Alford and Hays® investigated fission-frag-
ment excitation of He/Ar/Xe = .5/0.5/0.005 with a total
pressure of 1.36 atm and power deposition of 4-500
W cm *. They obtained intrinsic laser efficiencies of 2.5%—
3.3%, comparable to that obtained with Ar/Xe mixtures.
The dominant transition in their mixture also changed from
.73 10 2.03 pm when the helium mole fraction exceeded 0.2.

Basov ef al.? also investigated Kr as a buffer gas and
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obtained low efficiency compared to using argon as a buffer
gas. The lasing transitions did not originate on the 54[3/2],
or 5d[5/2], levels as usually obtained when using argon and
helivm as  buffer gases. Instead, the 3.5lum
(5417/2},-6p[5/2],) and  2.48-um (5d[5/2],
—6p[5/2],) transitions were the strongest. The 3.51-um
transition domminated with e-beam pumping; the 2.48-um
transition was competitive in the e-beam sustained dis-
charge.

il IRMPLICATIONS OF PREVIOUS STUDIES

It has been generally observed that laser performance
degrades with increasing partial xenon pressure above a
mole fraction of a few percent. This observation has led to
the suggestion that recombination of Xe;" resultsin filling of
the 6p manifold. However, in a plasma with > I eV of avail-
able energy, recombination has been observed to populate all
energetically accessible states.!®!® The probability of filling
the levels higher than the 6p levels is therefore highly prob-
able, and experimental evidence discussed in the Introduc-
tion supports this observation. Disscciative recombination
of Xe," is therefore not likely to be the sole cause for poor
faser performance at high xenon mole fraction, and other
processes may dominate. For example, the oscillator
strengths for 6p-» 65 transitions are large. Therefore, elec-
tron-impact excitation from the heavily populated 6s states
wiil Hikely be a major populating mechanism. Radiation
trapping of the ép — 65 transitions at the higher xenon mole
fractions could also contribute to a reduced rate of net relax-
ation of the 6p states. The decrease in laser power observed at
large xenon mole fractions, though, merely implies that the
density of the 6p lower laser levels increases at a higher rate
than does the population of the 54 manifold. Therefore, the
laser’s performance could alsc be explained by an increased
net rate of quenching of the 54 manifold.

In Ar/Xe mixtures, the 1.73-pm transition dominates
with little, if any oscillation on the 2.03-um transition, which
has a larger oscillator strength. The fact that both transitions
originate from the 54{3/2], level indicates that the
6pl5/2], lower level of the 1.73-um transition is quenched
by argon collisions more quickly than the 6pi3/2], level
(lower level for the 2.03-pm transition ). The 1.73-um tran-
sition also has a more favorable ratio of degeneracies than
the 2.03-1em transition. Measurements of the rate constants
for Ar quenching of 6p levels by Ku and Setser®” showed that
the 6p{5/2], level is rapidly quenched by argon, thereby
partly explaining the dominance of the 1.73-um transition.
When the laser is coperating at maximum efficiency, the
3413/2], is highly saturated, thereby contributing to the
dominance of the 1.73-um transition.

When the xenon fraction in an Ar/Xe mixture is in-
creased to greater than a few percent, the fractional laser
power at 1.73 um decreases, or ceases, and the total laser
power decreases. Coincidentally, the 2.63-xem transition be-
comes the dominant line, followed by the 2.65-um transi-
tion." The 1.73- and 2.65-um transitions share the same up-
per laser level (54[3/21,), while the 1.73- and 2.63-um
transitions share the same lower level (6p[5/21],). Oscilia-
tion on the 2.65-um transition depopulates the S¢{3/21,; up-
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per Jevel, which it shares with the 1.73-um transition, while
oscillation of the 2.63-um transition fills the lower level of
the 1.73-um line. The combined effects quench the 1.73-um
transition. These results imply that when the mole fraction
of Xe is increased, the net rate of excitation of the 54 5/21,,
upper level of 2.63 gom, must increase compared to 541 3/21,,
the upper level of the 1.73 pm. The change may be a com-
bined effect of guenching of the upper level of the 1.73-um
transition and excitation of the upper level of the 2.63-um
transition. Analogously the net rate of excitation of
6p[5/2],, lower level for 1.73 um, must increase compared
to 6pf1/2],, lower level for 2.65 um.

The importance of electron-collision processes
{quenching and mixing of the 54 and 6p manifolds) is dem-
onstrated by the combined restits of many workers. Using a
Rigrod analysis, Facob,'® Alford and Hays,” and Patterson
and co-workers'” have calculated the saturation intensity of
1.73 pm as a function of pump power from < I0Wcem ~* to
> 10 kW cm *. Over this large range in pump power, the
saturation intensity obeys 7, (Woem  2) ~12.9P%% where
Pis the power deposition in W cm ~°."7 Since the electron
density in recombination dominated electron-beam-excited
plasmas scales approximately as P, this scaling strongly
suggests that the coherence time of the inversion is dominat-
ed by electron-collision processes.® The total lifetime of the
inversion is alse likely controlled by electron-collision pro-
cesses, as suggested by the termination in laser output during
a long excitation puise when power deposition exceeded a
critical value.”

Y. DESCRIPTION OF THE MODEL FOR ELECTRON-
BEAR EXCITATION OF THE ATOMIC Xe LASER IN
Ar/Xe MIXTURES

In this section we will describe our electron kinetics and
plasma chemistry model for the electron-beam-excited
atomic xenon laser. The framework of the model mechani-
cally differs little from conventional models of excimer lasers
using Ar and Xe, and we refer the reader to Refs. 21-23fora
listing of typical heavy-particle and electron-impact reac-
tions. Qur model does differ from those works in that we
exclude the halogen and explicitly include the individual lev-
els of the 6p and 54 manifolds of xenon in the reaction
scheme in addition to the lumped states Xe(6s), Xe(6s'),
and Xe{7p/7s}, and Xe** (higher radiating states). The ad-
ditional levels included in our model are shown in Fig. 1.

A, Excitation mechanisms

I analyses of e-beam-pumped plasmas it is common to
express the rate of excitation and ionization by beam elec-
trons and their high-energy secondary electrons in terms of a
W value {energy/event). In this manner, for example, the
rate of ionization of a particular species is P/ W, where Pis
the e-beam power deposition and W is the average energy
expended to create an ion of that species. W values can be
equivalently defined for excitation. It is well known that W
values in mixtures do not simply scale from the W values of
the pure gas components. We therefore calculated the W
values for ionization and excitation of Ar and Xe, and the
bulk electron temperature, for individual mixtures. These
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TABLE II. Typical excitation parameters for e-beam pumping of Ar/Xe
mixtures.

W value (eV/event)

Process Ar/Xe-=999/0.1 99.5/05 9/1

e, + Xe—Xe(6s) + ¢, 1791 632 184.3
e, + Xe+Xe(6p) + e, 4053 1351 208.4
e, + XesXet +e, +¢ 6220 2480 169.9
e, + Ar-Ar* + ¢, 218.2 225.5 3265
e, + Ar—Ar** L e, 58.6 59.1 72.4
e, + Ar—Art e, +e 28.9 29.2 354

Electron temperature (eV) 1.22 1.18 1.15

results were obtained with a Monte Carlo simulation for the
slowing of high-energy beam elecirons and their progeny.
The model is described in detail in Ref. 24. Representative
values for W values and electron temperatures appear in Ta-
ble IE. Excitation to the Xe(6p) manifold was equally divid-
ed among the six levels.

In modifying the reaction scheme commonly used to
describe excimer lasers, we treated the 6z, 5d, and 7p/7s
manifolds in our model equivalently to Xe** in terms of the
possible electron-impact and heavy-particle reactions if we
had no state-selective informasion. Unless stated differently,
we also used the same rate constants. For example, we in-
cinded the dimer association reaction

Xe** 4+ Ar + Ar— ArXe* 4 Ar, (H

for all 6p, 3d, and Tp/7s levels in the model using the same
rate constant as for Xe**. The differences in excitation and
quenching of individual levels in the 6p and 54 manifolds,
though, are the important processes in describing the laser
performance. There are cbviously many processes that can
lead to populating the 5d and 6p levels of the atomic xenon
iaser. In Ar/Xe mixtures, in addition to direct electron-im-
pact excitation from the ground-state, dissociative recombi-
nation of Xe,* and ArXe™, energy transfer from Ar® and
Ar¥, clectron-impact mixing between excited states, and
heavy-particle quenching of higher excited states may result
in excitation of the 54 and 6p manifolds. Electron-impact
and heavy-particle processes, and their rate constants, which
involve excited states of Xe used in the model, are listed in
Table I1I. Some of the more important processes are dis-
cussed below.

The Xe levels directly populated by dissociative recom-
bination of Xe;* have been studied by Shiu er a/.'>"® Those
investigations were not intended to be a detailed study of the
exit channels, as they observed a limited range of the radia-
tive cascades. They concluded that the only constraint on the
state of excited zenon atoms resulting from dissociative re-
combination is the available energy in the plasma and the
energy of the final state. By analogy, a similar argument can
be made for the states directly populated by the dissociative
recombination of ArXe © .® With these observations, we ini-
tially allowed that recombination of ArXe™ and Xe," pop-
ulate all levels above and including Xe(6s}, with the former
dominantly populating Xe** and Xe (7p/7s), and the latter
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dominantly populating Xe(6s'}. The redistribution of popu-
lation from the Xe** and Xe (7p/7s) states to the 54 and 6p
manifolds then cccurs by radiative relaxation, and heavy-
particle and electron collisions. The final branching to indi-
vidual levels in the 54 and 6p manifolds were obtained by
parametrizing the model and comparing to experimental
data. The criteria we used in obtaining these branching ra-
tios is that we must reproduce the experimental dependence
of total iaser power on Xe mole fraction (<10%), total laser
power on gas pressure, and the laser spectrum as a function
of gas mixture. Experimental data from Basov ef al.,' Sudaet
al.,>” and Wexler er al.'* were used for this purpose. The
branching ratios so derived are listed in Table IV. These
branchings are not unique as other combinations of branch-
ing ratios and values of rate constants may alsc reproduce
experimental results. We feel, though, that these values re-
flect the pertinent physical processes responsible for laser
performance.

Energy transfer from Ar* to excited states of xenon was
also included in the model. The total rate coefficient for ener-
gy exchange to all Xe levels from Ar*(PP,’P,) is
2.1x1071% em®s~ !> The Xe levels having the highest
probability for excitation are those which are rescnant.
King, Piper, and Setser® studied the states of xenon pro-
duced in this reaction and found that the dominant products
were Xe(7d) and Xe(8d), with the 74 manifcld accounting
for half of the excitation. The only other sizeable contribu-
tions were to Xe(5/ ) and Xe (§/). We therefore assign all
excitation transfer from Ar* to Xe**. In a similar fashion,
we assigned excitation transfer from Ar¥ to Xe(6s).%°

B. Thermal electron-collision processes

Electron-impact excitation from the 6s to the 6p mani-
fold, and electron-collision mixing between the 6p and 54
manifolds are largely responsible for the dependence of laser
power on gas mixture and power deposition, in addition to
heavy-particle quenching of the 54 and 6p manifolds. Rela-
tive contributions to the quenching of the 54 and 6p man:-
folds by electron collisions and heavy-particle processes are
determined by the fractional ionization. Electron-impact
cross sections for excitation between individual levels of the
Xe(6s), 6p, 5d, and Tp/Ts manifolds are not well known.
Estimates of the temperature-dependent rate constant for
electron-impact excitation of Xe{6s) to higher-lying levels
are available.*® Since the oscillator strength for transitions
between 6s and 6p levels are large, while transitions between
the 6s and 54 manifolds are forbidden, one would except a
higher rate of mixing by electron impact between the 65 and
6p manifolds. Based on this logic, we apportioned the rate
constant for total excitation out of Xe(6s) and to the 65" and
6p manifolds, assuming that the excitation is dominantly out
of the 65s[3/21, level. To account for the differences between
allowed and forbidden transitions, excitation collisions to
the 6p manifold were weighted by their oscillator strengihs
and transitions to the 3¢ manifold were not atlowed. The
weighting of electron-impact excitation rates by their oscil-
lator strengths must be considered only an approximation,
since optically forbidden transitions can have large cross sec-
tions near threshold. Additionally, the rate constants were
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TABLE III. Reactions and rate coefficients invoiving Xe excited states used in the model for the atomic Xe laser in Ar/Xe mixtures.

Process®
Electron-impact processes Rate cocfficient® Reference
Xe(6s) + ea2Xe(bp) + ¢ ¢ d
Xe(6s) + e=Xe(Tp,7s) + ¢ 2.75( —TYFo* cxp( _;‘68 ) c,d
Xe(6s) + e=Xe*® 4 e 2.75( = 1o exp( _;'18) c,d
Xe(6s') + emXe(6pli/2]) + ¢ 5.0( - 8708 c,d
Xe(68) + exxXe(7p,Ts) + ¢ 1o -7 7% exp( mTl'S ) c,d
Xe(6s') + e=2Xe** 4 ¢ 5.5(—Ty7Tus exp( "Tz‘g) e,d
Xe(7p,7s) + e Xe** 4 ¢ 1.0( - T8 exp( Ti 0) c,d
Xe*+e-Xet +e+e c
Xe(5d,) + e=Xe(5d, ) + ¢ c d
Xe(tp;) +eaXe(bp, ) + ¢ [ d
Xe(6p;) + em2Xe(5d,) + e c d
Xe,t + e—Xe* 4+ Xe 8.2( — 7)[1 - exp( TISO)]Ie V2 25,262
ArXe* + ewXe* + Ar 3.5(— )ll exp( 180)] 7oV 25,26,
Heavy particle processes
Ar* 4 Xe—Xe** 4+ Ar 2.10( — 1) 27
Xe* + Ar + Ar=ArXe* 4+ Ar 1.00¢ — 33) 281
Ar* + Xe 4+ AreXeAr® 4+ Ar 1.00( — 33) 28,18
ArXe¥* 4+ Xe—-Xe¥ + Ar 1.O0¢ - 10) 29
Arf + Xe—Ar 4 Ar + Xe(6s') 4.39(—10) 30
Xe** 4 M Xe{bs) + M M = Xe, 3.00( — 10); M = Ar, 1.00( — 10) 31
Xe** + M-Xe(Tp,75) + M M= Xe, 5.00( — 11); M == Ar, 1.00( — 11) estimate
Xe(Tp,78) + M-Xe* + M M = Xe, 1.00( — 10); M == Ar, 1.00( — 11) ¢h
Xe(6s) + Xe(bs) »Xet + Xe + e 5.00( — 10) 32
Xe(bs) + Xe + MoXKe¥ + M M = Xe, 5.00{ — 32}; M = Ar, 2.50( — 32) 334
Xe(Sd[1/2]5) + Xe + M—~Xe(6s) + Xe + M M =Xe, 5.00( — 32); M= Ar, 2.50( -- 32) 33,1
Xe(Sd[1/2} ) + Xe + M—-¥e(6s) + Xe + M M =Xe, 5.00( — 32); M = Ar, 2.50( — 32) 33,1
Xe(Sdi7/21,) + Ke + M-Xe(6s) + Xe + M M = Xe, 5.00( — 32); M= Ar, 2.50( — 32) 33,1
Xe(5d[3/2],) + Ke + M—Xe(65) + Xe + M M= Xe, 500( - 32); M= Ar, 2.50( - 32) 331
Xe(5d[7/21;) + Xe + M-Xe(6s) + Xe + M M = Xe, 5.00( — 32); M = Ar, 2.50( — 32) 33,1
Xe(5d[5/21,) + Xe + M—+Xe(6p[5/2],) + Xe + M M =Xe, 5.00( — 32); M = Ar, 2.50( — 32) 33,1
Xe(S5d[5/21,) + Xe + M-Xe(6p[5/2],) + Xe + M M= Xe, 5.00( - 32}; M= Ar, 2.50( - 32) 33,1
Xe(Sd[3/2})) + Xe + M-Xe(6p[5/2],) + Ke+ M M = Ke, 5.00( — 32}; M == Ar, 2.50( — 32) 334
Xe(Tp,7s) + Ke + M--Xe(6s') + Xe + M M=ZXe, 5.00( — 32); M= Ar, 2.50( — 32) 334
Xe** 1+ Xe + M>Xe(6s') +Xe + M M = Ke, 5.00( — 32}; M = Ar, 2.50( — 32) 33,1
Xe(os') + Xe + M>Xetf + M M= Xe, 5.00( — 32); M = Ar, 2.50( - 32) 334
Xe(bp) + e+ M-XeF + M M=Xe, 5.00( — 32); M= Ar, 2.50( — 32) 33,1
Xe(dp[1/2]) + Xe + M Kef + M M= Xe, 657( — 31); M= Ar, 3.29( — 31) 33,
Xe(Sd[12] ) + M->Ke(6p{1/2]5) + M M == Xe, 9.50( — 11); M == Ar, 3.80( — 11) 20
Xe(6p[1/2]e) + Ar—>Xe(6pl3/2]5) + Ar 4.00( — 11) 20
-Xe(54[1/21,) + Ar 1.00¢ — 10) 20
Xe(6p[1/2],) + Xe—Xe(6p[3/2],) + Xe 1.33( —12) 20
—-Xe(6p{3/2],) + Xe 0.87( — 12} 20
—-Xe(6pl3/2],) + Ke 1.58( — 123 20
—Xe(6p[5/2];) + Xe 1.29( — 12} 20
- Xe(6s') + Xe 0.90( — 12) 20
Ke(6p[3/2],) + M—Xe(65') + M M=Xe, 1.96( - 11}; M = Ar, 1.O9( — 11} 20,34
—Xe(6p[3/2}) + M M=Xe, 1.30( - 11); M= Ar, 7.45( — 12) 20,34
—Xe(6pl5/21,) + M M=Xe, 2100 — 11); M= Ar, 1.2( — 11} 20,34
—Xe{6p[5/2],) + M MM =Xe, 2.80( — 11); M= Ar, L.6( — 11} 20,34
—Xe(op[1/21) + M M=Xe, 1.00( ~ 12); M= Ar, 5.73( — 13) 20,34
Xe(6p[3/2],) + M—Xe(6s) + M M=1ZXe, 1.24( - 10); M= Ar, 1.31( — 1) 35,
—>Xe(6p[3/2],) + M M=ZXe, 1.20( — 11}; M= Ar, 1.28( — 12) 35,3
—»Xmﬁp{‘/Z] Y4+ M M= Ke, 1.20( — 10}; M = Ar, 1.28{ — 11} 35,
Xe(6p[5/2]3) + M—Xe(65') + M M=Xe, 1.80( — 11); M = Ar, 6.79( — 12) 20,34
—=Xe(6p[S/21,) + M M=Xe 3100 — 11); M= Ar, 1.17{ — 11) 20,34
—Xe(6p{1/2}) + M M= Xe, 4.00( — 12}; M = Ar, 1.51{ ~— 12) 20,34
Xe(6pl5/2]) + M-Xel(b6s5') + M M == Xe. 1.80{ - 10); M = Ar, 2.08{ — 11) 35,
-Xe(6pf5/2}) + M M =Xe, 495( - 11); M = Ar, 5.80{ — 12) 355
—Xe(6p{1/2]1) + M M=1Xe, 203( — 10); M= Ar, 2.34( — 11) 35,5
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TABLE III {continued).

Process®

Electron-impact processes Rate coefficient” Reference
Xe(6pl1/21) + M—Xel(bs) + M M=Xe, 1.33( — 10); M= Ar, 3.00( — 12) 35,36
Xe(bs') + M—-Xel(bp[1/2} )+ M M= Xe, 6.70( — 11); M = Ar, 2.10( — 13) 35,36
Xe(6s'y + M--XKe(bs) + M 1.00¢ — 13}, M = Ar, Xe est.,36
Hef(bs) + Xe-HKe + Xe 3,50 — 1%) estimate
Xe(bs) + Xe-+Xe + Xe 3.50¢( — 15) estimate
Xe(5d{3/2] ) + Xe>Xe(54[3/21;) + Xe 3.00¢( — 1) £.j
Xe(5d[5/21,) + Xe=Xe(5d[3/2],) + Xe 3.00( -10) £j
Xe(5d[5/2],) + XeaXe(54[7/21,) + Xe 2.00( — 10) £
Xe(5d]7/2];) + Xe=Xe(54[3/21,) + Xe 1.00( — 11 f,j
HKe(5d{3/2],) + Xe=aXe(54[7/2},) + Xe 100 — 11 f,i
Xe(54[7/21,) + XexXe(5d[1/2]) + Xe LOOL — 11) fii
Xe(34[1/21,) + XeaXe(534[1/21,) + Xe 1.0G{ ~ 11} f,i
Xe(3d,) + Ar=Xe(5d;) + Ar 1.00( — 12} fii
Radiative transitions
Xe** . Xe(6s) 6.00(6) 28
Xe(Tp,75) —»Xelbs) 4.64(6) 37.k
Xe{8di5/2},) - Xe(bs) 4.25(5) 37k
Xe(5d{5/2},) — Xe(6s) 3.94(5) 37k
Ke(5d{7/2},) — Xe(bs) 1.07(5) 3Tk
Ke(6p[172]4) —Xe(bs) 3.07(7) 20,k
Ke(bpl3/2],) - Xe(6s) 2.78(7) 20,k
Xelbp|3/2},) > Xe(6s) 2.72(7) 20,k
Xe{6pi{5/2}5) —Xe(6s) 3.10(7 20k
Xel(6p{5/2],3 —Xe(bs) 2.54(7) 20,k
Xe(6p[1/2],) - Xe(6s) 2.62(7) 20,k
Xe(Tp,Ts) - Ke(bs') 2.89(8) 28,37
Xe(3d|1/2],) - Xe(6p[1/21,) 2.33(5) 28,37
Xe(5d[1/2], ) »Xe 1.12(7) 31
Ke(5d[7/2]4) - Ke(6pl5/2]5) 1.9G(5) 3
Xe(54[3/2],) - Xe(6pf1/2] ) 4.00(5) 3t
Xe(ﬁdﬂ/’]g)'ﬁXe(ﬁp[S/le‘ 7.33(5) 3t
Xe(5d[5/2),) - Xe(6pf3/21,) 1.39(6) 31
Xe(Sd[3/2],) - Xe 1.67(%) 3tk
Xe(8d13/21, )—»Xe(6p[5/2]2) 3.04(5) 37
Xe(8d{3/2},) - Xe(6pi3/2} ) 2.46(6) 37
Ke(5d[5/21,) - Xe(6p5/2]5) 7.42(5) 37
Ke(54{3/2},) —Xe(6p[1/21y) 1.27(6) 37
Xe(5d[5/2).) - Xe(6pl3/2] ) 6.81(5) 37

* Xe* denotes any excited state of Xe. Xe(6p) or Xe(5d) denotes any level in that manifold.

P14 — 10) = 1.4 107! Coeflicients have units of s™', em* s/,

and cm®s ! for first-, second-, and third-order reactions, respectively. The electren

temperature 7, has units eV; and gas temperature T, has units K. See Sec. IV F for other gas-temperature dependencies.

° See text, Sec. IVB.

9 Reverse reaction is by detailed balance based on the eleciron temperaiure.

“For branching to excited states of Xe, see Table IV,

Reverse reaction is by detailed balance based on the gas temperature.
2in analogy to Xe* + 2Ar— ArXe® + Ar.

b See text, Sec. IV A.

'See text, Sec. IV (.

{See text, Secs. IV and V.

¥ Radiation trapping factors included. See text, Sec. IV D,

weighted by their Boltzmann factors. Using the form of the
rate constant or 65— 6p excitation from Ref. 40, the rate con-
stants we used for 65— 6p are

k(6p,) =£9.2x10 T exp( —u,/T,) em’s ',
(2)

where u; is the excitation potential relative to the 6s[3/2],
and £, is the transition probability relative to the 6p[1/2],

5137 J. Appl. Phys., Vol. 66, No. 11, 1 December 1889

level. The rates of electron-collision quenching from these
levels to Xe(6s) are obtained by detailed balance.

Since the optical transitions between levels in 6p and 5¢
manifolds have high oscillator strengths, one might expect
that these manifolds are also tightly coupled by electron-
collision mixing. As we will discuss below, electron-coilision
mixing of the 6p and 54 manifolds may be primarily respon-
sible for terminating the laser at high specific power depo-
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TABLE IV. Branching ratios for Xe excitation resctions.

Reaction Product Xe* level  Branching ratio
e 4 Xe;m —Xe + Xe* (7p,7s) Q.1
6pi1/2], (.45
65 0.45
e+ Ar¥Xe™ - Ar + Xe* Ke** 0.1
(7p,7s) 0.9
Xe(7p,Ts) + Ke—Xe + Xe* 5d[5/2], 0.5
6p(3/2%,; 0.2
6p[5/21, .3
Xe(Tp,7s) + Ar—Ar + Xe* 5d[3/2}; 0.7
6pi3/21, 0.2
6pt1/2), 0.1

sition. To account for this electron-collision mixing, we in-
cluded the processes e + Xe(6p,;) =2Xe(3d,) + e between
all levels of the 6p and 54 manifolds. Lacking theoretical or
experimental information on the cross sections, all exother-
mic processes were assigned the same rate comstant of
2X 1077 cm?® s~ !, which was determined by parametrizing
the model and comparing to experiment. The rate constants
for the reverse processes were obtained by detailed balance

where g; and u; are the degeneracies and energy of level 7.
Fonization out of all excited states was included by using the
rate constant [(LIXIG )V /AEITY exp{ — Ae/T,)
cm’ s ', where Ae is the ionization potential (eV) of the
state.*

Electron-collision mixing within a particular manifoid
{(6p or 5d) results in thermalizing of the manifold to a distri-
bution characterized by the electron temperature 7,. We
included this process by estimating the rate constant for
thermalization, which was then included in the rate equa-
tions for each level. The rate for thermalization was approxi-
mated by

d[Xe ] B [Xe; ] —[Xe o
a T, ’

T l=kT,)n,, {4)

where the thermal equitibrium value is

g exp( —u,/7T,)

[XeiJo = 2 [Xe]
J

. (5)
2 g exp{ —u/T,)

[ Xe, ] is the density of level i in a particular manifold, u, isits
energy relative to the lowest level of the manifold, &, (7, ) is
the rate constant for electron collisions, 1, is the electron
density, and 7, is the eguilibrium time by electron collisions.
We estimated that £, (7, ) is the same as that for electron-
momentum transfer collisions. Since the spacing between

5138 J. Appl. Phys., Vol. 66, No. 11, 1 December 1982

levels is S0.1 eV and the average electron energy is > 1-2
eV, virtually all electrons may contribute to mixing.

C. Heavy-particle quenching of the Xe{8p) and Xe(54)
manifolds

Quenching of levels in the Xe(6p) and Xe(54) mani-
folds by heavy particles (i.e., Ar and Xe) is dominantly re-
sponsibie for the change in the laser spectrum as a function
of gas mixture. Selective quenching of individual levels of the
5d and 6p manifolds enable oscillation to dominantly occur
on laser transitions which are either not directly strongly
pumped or which are in competition with transitions from
the same upper laser level which have higher oscillator
strengths.

Experimentally derived rate constants are available for
a subset of these processes. Rate constants for guenching of
Xe(6p) levels by xenon atoms have been measured by Ku
and Setser,” Bowering, Bruce, and Keto,” Horiguchi,
Chang, and Setser”* and Inoue, Ku, and Setser.®® Those rates
were used and listed in Table I unless noted otherwise.
Quenching of Xe(6p) by argon is also fairly well understood.
Here, though, there are notable exceptions to the analogous
quenching reactions by xenon. For quenching of the
Xe(6pf1/2],) level by argon, we used the mechanisms sug-
gested by Ku and Setser.?® This mechanism inciudes mixing
between the 6pil1/2], and 5d[1/2}, levels, with the ex-
change favoring the exothermic transfer from 6p[1/2], to
54[1/2],. The quenching rates of the 6p[3/2], and
6pi5/21, levels by argon were based on those of Horiguchi
and co-workers.*® The rate constant for guenching of
6pi5/21, by argon is large compared to that of 6p[3/2],.
The rate constants we used for the former process are based
on Ku and Setser,”” and were defined by comparing the cal-
culated laser spectrum with experiment over a large param-
eter space of pressure and gas mixture. The rate constants for
the latter were cbtained in the same fashion based on Hori-
guchi and co-workers.> The branchings for these quenching
reactions were assumed to be the same as for guenching by
xenon unless specific experimental results were available.
The larger rate of quenching of the lower laser fevel of the
1.73-p1m transition compared to the 2.03-um transition by
argon is partly responsible for that transition dominating in
Ar/Xe mixtures. The branching for quenching of 6pf1/2],
by argon is that given by Ku and Setser.?"

Quenching of the 6p and 54 manifolds of xenon may also
occur by three-body collisions. Analysis of the molecular
potentials and curve crossing for Xe, suggests that three-
body collisions of Xe atoms ir: the 5d manifold with ground-
state Xe do not result in dimerization, but predissociate to
Xe(6s).%° A similar process is likely to cceur for the higher
levels of Xe(6p), while the lower levels of Xe(6p), Xe(6p'),
and Xe(6s) most likely dimerize. With these considerations,
the branching for these quenching and association reactions
are listed in Table If].

There is very little known about the quenching of the
Xe(5d) manifold by heavy particles. As a result, we estimat-
ed that heavy-particle collisions of Xe(5d) levels by Ar are
generally not selective and result in thermalization of the
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manifold to the gas temperature. The rate of thermalization
was estimated in the same manner as for electrons [see Eqs.
(4) and (3} ] where the gas temperature 7', is substituted for
T,. The rate constant for heavy-particle collisions was esti-
mated to be 1.0X 10 2 cm® s for argon.

With increasing xenon mole fractions in Ar/Xe mix-
tures, the donunant laser transition changes from 1.73 to
2.63 um. Since these transitions share the same lower level,
these results imply that the upper level of the 1.73-ym transi-
tion preferentiaily quenched, or the upper level of the 2.63-
4m transition is preferentiaily excited with increasing xenon
mole fraction. In parametrizing the model as a function of
gas mixture, we found that only quenching by Xe atoms
could have a high encugh rate with increasing xenon fraction
to account for these processes. We therefore hypothesized
that gquenching (by atomic Xe)} of Xe(3d4{3/21))
—Xe(5d[5/21,) and Xe(5d[5/2];) - Xe(5d[5/2],)
occurs with rate constant 3 10 ' em® s ', while that for
Xe(54[5/21,) - Xe{5d]7/2],) proceeds with rate constant
2% 1071 em® 5!, These values have the effect of quench-
ing laser oscillation at high xenon fraction with slight bott-
lenecking on 5d{5/21, which {avors osciliation on the 2.63-
wm transition over the 1.73-pm transition. This quenching is
discussed further in Sec. V A,

D. Radiation trapping

Many of the lower laser levels in the 6p manifold have
sufficiently short radiative lifetimes ( S 10°s ns} that at low
partial pressures of xenon radiative decay of the lower laser
fevels is sufficient to clear those levels during laser oscilla-
tion. At xenon pressures and pump rates that result in the
density of Xe(6s) exceeding 10' cm 7, these transitions
may become radiatively trapped. Clearing of the lower laser
tevels must then proceed by collisiona! processes. The oppo-
site effect results from radiation trapping of the upper laser
levels. The short resonant radiative lifetime of
Xe(5d{3/21,) { < 1 ns) works against efficient laser oscilla-
tion by increasing the saturation intensity and threshold
pumping rate for laser transitions out of that level. At xenon
partial pressures exceeding a few hundred mTorr, rescnance
radiation from Xe{54[3/2},) is trapped to the degree that
other guenching processes dominate. Under these condi-
ticns, laser oscillation is observed from that level. In low-
pressure xenon lasers where the Xe(534[3/2],) is not totally
trapped and rapidly radiatively decays, transitions from
Xe(5d13/2],) are notobserved. Toaccount for the effects of
radiation trapping, the radiative lifetimes of 6p-- 65 transi-
tions, and that for resonance radiation from the
Xe(5d[3/2],), were lengthened according to the trapping
factors described by Holstein*! using transverse dimensions
of a few cm. For these dimensions, typical of the devices we
are simulating, trapping of the 54[3/2], is important. Typi-
cally, trapping of the 6p — 65 transitions is not important.

E. Gain model

We explicitly included laser fluxes for transitions at
1.73,2.63, 2.65, 3.37, and 2.03 gm. The gain model assumes
that all transitions are collisionaily broadened having Lor-
entzian line shapes. Collisional broadening cccurs by both

5139 J. Appl. Phys., Vol. 66, No. 11, 1 December 18892

heavy-particle and electron collisions. For heavy particles
the rate constant for collisional broadening is the larger of
$X 107" cm®s ™' and the sum of other guenching colli-
sions. A large contribution from electron collisional broad-
ening is indicated from measurements of saturation intensity
as a function pump power. We attribute the large value to
both iow-energy dephasing collisions and guenching colli-
sions. The empirically derived rate coefficient for electron
dephasing collisions is 5 X 10~ °% cm®s .

F. Gas-temperature dependence

The dependence of rate coefficients on gas temperature
is the same as described in Ref. 43. The effects of high-energy
loading, and high gas temperature, on xenon laser perfor-
mance will be described in an upcoming publication.

Y. PARAMETRIC STUDY OF THE PERFORMANCE OF
THE Xe LASER

In: this section we will discuss intrinsic efficiency (laser
power/power depcsition} of the stomic xenon laser in
Ar/Xe mixtures as a function of zenon mole fraction, gas
pressure, and power deposition. The optimum operating
conditions will be discussed using the quasi-steady-state in-
trinsic power efficiency as a measure of performance. Pre-
vious experimental results have shown that the laser perfor-
mance is a complex function of the pumping conditions. This
complexity dominantly results from two causes. First, the
laser spectrum and intrinsic power efficiency are functions
of time during the pumping pulse. Although the dominant
taser transition in the quasi steady state is usually at .73 um,
other transitions may transiently oscillate during the rising
edge of the current pulse. Therefore, the fact that a particu-
tar transition in the steady state yields negligible power does
not preclude its oscillation earlier during the pulse. The sec-
ond cause for complexity is that the laser spectrum is 2 sensi-

ve function of gas mixture. Therefore, observations made
of laser performance in a single gas mixture are not necessar-
ily indicative of typical, or optimum, laser performance. For
example, one indication of operating with near optimum
conditions in Ar/Xe mixtures is that the 1.73-um transition
carries most of the laser power; oscillation of 2.03 gem indi-
cates that the pump rate is less than optimum. In the follow-
ing section we will examine laser performance over a fairly
large parameter space o investigate some of these issues.

A. Dependence of laser performance on xenon fraction

The experimental results of Basov ez ¢l.,”” Suda et al.,®
and Wexler ef al."* for gas pressures of 3—4 atm and power
deposition of > 13 kW cm ~? have shown that laser effi-
ciency and the laser spectrum in Ar/Xe mixtures are strong-
Iy dependent on the xenon fraction. Laser efficiency was
found to increase with increasing Xe mole fraction up to a
value of 0.1%~2%, after which efficiency decreased. These
results have also shown that the laser efficiency is strongly
correlated with the laser power obtained on the 1.73-um
transition. According to the results of this model, at xenon
fractions greater than the optimum value, the intensity of the
1.73-um transition decreases in spite of an increase in the
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rate of poputation for its upper laser level (3d{3/2},}. The
observed decrease in laser efficiency and in the intensity of
the 1.73-um transition must then be attributed to either an
increase in the population of its lower level (6p[5/2],) oran
increase in the rate of guenching of 54[3/2],. Experimental
results show, however, that all of the laser transitions which
share the same upper level as the 1.73-um transition de-
crease in intensity above the optimum xenon fraction. This
observation strongly suggests that laser efficiency decreases
at high xenon fraciion due to an increase in the rate of
quenching of the 5413/2], level. This suggestion is further
reinforced by the fact that the lower laser level of the 1.73-
pm transition, 6p[5/2],, has a large degeneracy which re-
duces its relative importance in terminating laser oscillation.

To investigate these issues we parametrized the model
for various xenon fractions and compared the results with
experimential data. We first investigated the possibility that
the decrease in laser intensity at high xenon fraction may bea
result of population of the 6p manifold by dissociative re-
combination of Xe,, as suggested by previous investigators,
or by electron-impact excitation from the 6s levels. We para-
metrized the branching ratios for dissociative recombination
of Xe,", primarily to the 65, 65', and 6p manifolds, and found
that the rate of excitation of the 6p manifold by this processis
not large enough to guench laser oscillation as observed ex-
perimentally. We also found that electron-impact excitation
of the 6p manifold from the €s and 65" levels, though impor-
tant, couid not alone explain the experimental results.

We then investigated heavy-particle quenching of the
5d13/2}, as the source of the decrease in laser cfficiency at
high xenon fraction. We parametrized various two- and
three-body quenching processes, and found that two-body
guenching of the 54[3/2], level by atomic xenon is consis-
tent with experimental results. The rate constant we derived
for this process is 3107 em® ¢ ~'. Using this rate con-
stant, calculated laser power efficiency and fractional laser
intensities as a function of xenon mole fraction are shown in
Figs. 2 and 3. These values are based on total laser energy.
The operating conditions are taken from the experiments of
Suda er gl.® and Wexler er ¢l for e-beam excitation, and
their results are shown in the figures as well. We also show
the normalized resuits of Basov er ¢, although these results
were obtained at somewhat different conditions. The total
pressure and power deposition are 4 atm and 42 kW cm ™7,
and the pulse duration is 2 yss. The decrease in the total laser
efficiency and in the fractional laser power at 1.73 gm with
increasing xenon mole fraction is largely attributed to the
cited quenching by atomic xenon. The increase in the frac-
tional intensity of the 2.63-g1m transition is primarily a result
of a collisional cascade from the 53d[3/2], level to the
5d[5/2/], level. In both experiment and theory the frac-
tional energy at 2.03 um {noi shown) is < 3%. The theoreti-
cal efficiency maximizes at a slightly lower xenon fraction,
indicating that we may be underestimating population of the
6p manifold, perhaps by 65— 6p electron-impact processes.
We overestimate the contribution of 2.63 gm becsause of our
lack of osciflation at 2.65 gam, which is observed experimen-
tally. The agreement when including the combined experi-
mental 2.63- and 2.65-.um energies is better.
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FIG. 2. Laser energy efficiency as a function of xenon mole fraction in an
Ar/Xe mixture. 'Fhe theory uses the conditions of Suda et al. (Ref. 6), also
shown in the figure, which are a gas pressure of 4 atm, power deposition of
42 kW ¢m ~?, and pulse length of 2 us. The results of Basov et al. (Ref 1)
are also shown for similar conditions.

B. Transient laser specirum

In spite of the dominance of the 1.73- and 2.63-um tran-
sitions for the optimum conditions described above, laser
oscillation is also transiently obtained at 2.03 and 2.65 ym.
The transient laser spectrum during multiline oscillation
was measured by Suda e al.” and showed strong competition
between the 1.73-, 2.03-, and 2.65-um transitions, all of
which share a common upper laser level. The details of the
competition between transitions which have a common up-
per level depends in large part on the relative magnitude of
the guenching coefficients of their lower levels in the 6p
manifold and of their relative oscillator strengths. For the
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FIG. 3. Theoretical fractional laser energy for the 1.73- and 2.63-um transi-
tions for the conditions of Suda ef al. (Ref. 6}, also shown in the figure, as
described in Fig. 1. The open circles represent the sum of the 2.63- and 2.635-
£m trausitions.
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experimental conditions of Suda et al.” (4 atm, power depo-
sition 42 kW cm * ), the dominant guenching processes in
the 6p manifold are collisions with argon. The 2.03- and
2.65-um transitions are more sensitive to the quenching of
their individual lower levels due to the smaller degeneracies
of those levels.

The total quenching coefficients for collisions with ar-
gon of some levels of the 6p manifold have been measured.
When using these values, however, we were unable to repro-
duce the experimentally observed laser spectrum. Although
other processes (e.g., electron-impact excitation, dimer for-
mation ) contribute to the population and quenching of these
lower laser levels, their rates are small compared to quench-
ing by argonunder optimum conditions. Therefore, we chose
to parametrize the total guenching rate constants of the
three lower levels of these transitions (6p[5/21,, 6p[3/21,,
and 8p[2/11,) within the same order as the measured values
while keeping the same branching fractions as those for colli-
sions with xenon. The resulting rate coefficients are in Table
II1. (The quenching coefficient for 6pf2/1],is the measured
value.)

Calculated time histories of the individual laser lines
during multiline oscillation are shown in Fig. 4(a), and the
experimental results of Suda ef a/.” are shown in Fig. 4(b).
The experimental laser energy efficiency is 2.3%, and our
calculated valueis 2.2%. The time dependencies of the 1.73-,
2.63-, and 2.03-um transitions are fairly well reproduced.
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FIG. 4. Xenon laser intensities as a function of time for a gas pressure of 4
atm (Ar/Xe=99.5/0.5) and average pump rate for 42 kWem do(a)
Model results and (b) experimental results of Suda er al. {Ref. 7). The
relative intensitics of the experimental results are approximate. The “rip-
ple” in the 1.73-um intensity is due to oscillations in the e-beam cufrent.
Mote the transient oscillation of the 2.03-zm transition at the leading edge
of the current pulse.
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Oscillation on the 2.03-pm transition occurs duoring the rise
and fall of the current pulse. At these times, the gain is still
fairly low, as are the populations of the 6p and 65 manifolds.
As a result, oscillation occurs on the 2.63-um transition due
to its higher oscillator strength compared to the 1.73-um
transition. As the gain increases and the density of the 6p
manifold increases, the favorable quenching and degeneracy
of the lower laser level of the 1.73-um transition allow it to
oscillate with a delay relative to the 2.03-em transition. At
that time the 2.03-um transition is quenched by saturation of
the 5413/2], level. Our results for the 2.65-ym transition are
in poor agreement with experiment, which is attributed to a
poor representation of the guenching of the 6pf2/1], level
by heavy particles or by electronal collision mixing.

C. The dependence of laser efficiency on gas pressure
and power deposition

Since the atomic xenon laser in Ar/Xe mixtures oper-
ates most efficiently when the 1.73-um transition dominates,
the optimum operating condifions with respect to gas pres-
sure and power deposition must be ultimately expiained in
terms of the difference between population and guenching of
the 54[{3/2], level of zenon. In addition to dissociative re-
combination of ArXe ™ and Xe;", which in our model indir-
ectly populate the 54 manifold by collisional cascade, and to
collisional quenching of xenon excited states by heavy parti-
cles, the 6p and 54 manifolds are alsc tightly coupled
by electron-collision mixing [e.g, e+ Xe(54[3/2]))
=Xe(6p]5/2]),) + el. Electron-collision mixing effectively
guenches the 54 manifold and populates the 6p manifold,
driving them towards a thermal distribution characterized
by the electron temperature. At sufficiently high rates of
electron-coltision mixing, laser oscillation will terminate due
to this thermalization process.

We examined the importance of electron-collision mix-
ing between the 54 and 6p manifolds by comparing calculat-
ed laser performance to experiments over a wide range of gas
pressure and power deposition. The bases of our comparison
were measurements of laser power efficiency and laser satu-
ration intensity as a function of gas pressure and power depo-
sition. We found that collisions by excited heavy particles or
ions could not explain the observed increase in laser satura-
tion intensity and decrease in laser efficienicy, at high-power
deposition and constant gas pressure. To do so, their rate
constants would have been unphysically large. We hypoth-
esized that electron-collision mixing of the 54 and 6p mani-
folds is responsible for the observed behavior. We derived
the rate constant for this process by comparing our resuits
with experiments and obtained good agreement with a value
of 2167 ecm’s ! for the exothermic process. The rate
constants for the endothermic processes are given by de-
taited balance. {See Sec. IV B.)

Calculated quasi-steady-state intrinsic laser power effi-
ciency as a function of power deposition is shown in Fig. §
for different gas pressures. The gas mixture is
Ar/Xe = 99.5/0.5. The pumping pulse has a rise time of 300
ns, and it then has a constant power deposition at the cited
value. The optical cavity consists of a maximum reflector
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FIG. 5. Intrinsic laser power efficiency (quasi steady state) as a function of
e-beam power deposition for different gas pressures. The mixture is
Ar/Xe = 99.5/0.5. The rapid decrease in laser efficiency at high pump rate
is due to electron-collision mixing of the laser levels.

and z 509% reflectivity output mirror separated by 1 m. The
same reflectivity was used for all laser transitions. Maximum
laser efficiency and plasma parameters for the optimem con-
ditions as a function of gas pressure appear in Fig. 6. Frac-
ticnal intensities for the laser transitions for the same condi-
tions as Fig. 5 appear in Fig. 7.

The power deposition at which maximum laser effi-
ciency is obtained increases with increasing gas pressure, as
shown in Figs. 5 and 6. The maximum intrinsic efficiency for
these conditicns is obtained at 1 atm with 2 power deposition
of =250 W cm . The maximum laser efficiency decreases
at higher gas pressures due to 2 net increase in quenching of
the laser levels by heavy-particle coliisions. In spite of the
decrease in efficiency with increasing pressure, total laser
power increases because the optimum power deposition also
increases. (See Fig. 6.3 The decrease in laser efficiency at
higher power deposition {for a given pressure) is due domin-
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FIG. 6. Intrinsic laser power efficiency at the optimum pump rate as a func-
tion of gas pressure for the conditions of ig. 5. The optimum power depo-
sition and laser power are also shown as a function of pressure. Although
laser efficiency decreases with increasing pressure, the total power increaseg
due to the increase in the optimum power deposition.
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funection of power deposition for Ar/Xe = 99.5/0.5 at 2 and 4 atm. The
optimum power depositions are shown for each case. The 1.73-um transi-
tion dominates near and above the optimum power, while the 2.03-xm tran-
sition dominates at low-power deposition and gain.

antly to the detrimental effects of electron ccllision mixing of
the 54 and 6p manifolds. When electron collision mixing
begins to dominate, high efficiency is recouped by “boot-
strapping” to higher pressure where heavy-particlie colli-
sions clear the lower laser level. In most cases, the 1.73-um
transition is the dominant line near the optimum power de-
position, regardless of the value of gas pressure over this

5 T T -
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b /5;W/cm ]
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1o g T i
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FIG. 8. Laser parameters at power depositions of 100 Woem™® to §
kW cem ° for a l-atm Ar/Xe = 99.5/0.5 mixture. (a) Laser intensity at
1.73 gm and (b) electron density. The laser prematurely terminates if the
electron density exceeds about 2 X 10" ¢cm ~*, or a fractional ionization of
8% 107°.
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FIG. 9. Electron density and fractional ionization at the optimum pump
rate as a function of gas pressure. The conditions are the same as for Fig. 5.
Optimum laser efficiency is obtained at a fractional ionization of 2-
IX107°.

range of values, as shown in Fig. 7. The exception is that the
2.03-pm transition dominates when the power deposition is
much less than the optimum. This occurs because the 2.03-
pm transition has a higher oscillator strength that success-
fully competes with the favorable guenching of the lower
level and ratio of degeneracies of the 1.73-um transition at
low-power deposition and low gain. Higher gain conditions
therefore preferentially lead to osciliation at 1.73 um. The
dominance of the 1.73-um transition at higher power depo-
sition may alsc be attributable to the fact that it is less sensi-
tive to electron collision mixing due to the larger energy sep-
aration between its levels. The fractional intensity of the
2.63-pm trasmsition, though, is least sensitive to power depo-
sition, implying that heavy particle collisions are relatively
more important 1o the dynamics of both its upper and lower
laser levels.

Ir order to illustrate the factors that determine the opti-
mum power deposition, time histories of the 1.73-um transi-
tion and electron number density for different power deposi-
tions are shown in Fig. & for 2 gas pressure of | atmi. The time
required for the laser output to reach the quast steady state, if
at all, is strongly dependent on the power deposition and
eleciron density. Note that for these conditions the electron
density requires 1-2 us to come to its steacy-state values. At
low-power deposition, the quenching of the laser levels is
dominated by heavy particle collisions, and laser power rap-
idly comes into equilibrivm with the pump rate. At higher
power deposition, the electron density increases from below
the value at which electron collision mixing dominates to
above that value. When this occurs, laser intensity decreases
and finally quenches, resulting in premature termination of
the laser pulse. The critical electron density for these condi-
ticns above which laser oscillation cannot be sustained is
~2x 10" cm ™3 or a fractional ionization of 8 X 107 ¢, These
results suggest that relative electron number density is the
key in determining the laser performance of high-pressure
atomic xenon lasers due to the strong coupling between the
taser levels by electron-collision mixing. This issue will be
discussed in more detail below.

The electron number density and fractional ionization
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FIG. 10. Laser parameters as a function of out mirror reflectivity. (a} Laser
power efficiency as a function of pumping rate for various output mirror
reflectivities. The gas pressure is 3 atm (Ar/Xe = 99.5/0.5). Although the
maximum efficiency is a function or reflectivity, the power at cutoff has a
weak dependence. {b) Laser spectrum as a function of mirror reflectivity at
a pump rate of 1 KW em . The fractional laser power at 1.73 gm is also
shown for a pump rate of 30 kW cm ~°.

as a function of gas pressure at the optimum power depo-
sition are shown in Fig. 9 for the conditions of Fig. 5. The
electron number density at optimum deposition increases
nearly linearly with increasing gas pressure. The fractional
ionization, though, remains approximately constant at 2-
33X 10 ~°. It appears, then, that it is the fractional icnization
which determines the laser performance at high-power de-
position in high-pressure atomic xenon lasers; and optimum
performance is obtained when the fractional ionization is
kept below the value at which electron-collision quenching
dominates. These results also suggest that long-duration
pumping at moderate power depositions leads to the maxi-
mum efficiency with respect to both quasi-steady-state pow-
er and specific laser energy.

As one would expect, many of the results presented here
are functions of cavity parameters such as mirror reflectiv-
ity. For exampie, oscillation at 1.73 gzm can be suppressed by
having selective feedback at 2.03 um as might be obtained
when using a grating as the output coupler. In performing
such an experiment, Suda ef al.® were able to extend oscilla-
tion at 2.03 pum throughout the e-beam pulse, as opposed to
having it be quenched early during the pulse by oscillation at
1.73 m (see Fig. 4).

We investigated various aspects of the dependence of
laser performance on mirror reflectivity and cobtained the
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FIG. 11. Experimental and theoretical saturation intensities for the 1.73-
fem transition as a function of power deposition. Sece the text for explanation
of the experimental results. The electron density is plotted for reference to
show the correlation of saturation intensity with electron density.

results shown in Fig. 10. In Fig. 10(a) laser power efficiency
is plotted as a function of power deposition for different mir-
ror reflectivities R. The conditions are Ar/Xe = 99.5/0.5 at
3 atm. The efficiencies are weak functions of R over a fairly
wide range. The critical power deposition at termination of
oscillation is aisc at best 2 weak function of R. The laser
spectrum, however, is a strong function of R, at least at low
pump power, as shown in Fig. 10(b). At low pump power (1
kW cm 7 ) the Jower gain transitions, such as 1.73 um, tend
to be weak since they are more sensitive to cavity losses. At
higher R, the 1.73-pem transition dominates, as it does at
higher pump rates where the larger inirinsic gain makes the
transition less sensitive to cavity losses.

The experimental validation of the proposal that elec-
tron-coilision mixing of the 54 and 9p manifolds largely de-
termines laser performance at high pumping rates is demon-
strated by two examples: saturation intensity as a function of
pump rate and laser efficiency during long (many ms)
pumping puises. The saturation intensity /. should increase
with increasing gas pressure at low-power deposition be-
cause heavy-particle collisions are primarily responsible for
determining the lifetimes of the laser levels under those con-
ditions. At higher power deposition electron-collision pro-
cesses become most important in this regard, and {, should
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FIG. 12. Laser power and power deposition using fission fragment excita-
tion (0.68 atm, Ar/Xe = 99.5/0.5). The experimental results are those of
Alford and Hays (Ref. 9) and the results from the model include the effect
of gas heating. The cutof in laser power is due io the electron density ex-
ceeding the critical quenching value.
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increase with increasing power deposition. For these condi-
tions, 7, should scale approximately as P®° | which is consis-
tent with the scaling of the electron density in recombination
dominated plasmas. In Fig. 11, experimental results for the
saturation intensity of the 1.73-um transition, compiied
from many sources,>> %7 gre plotted showing this scal-
ing. The calculated values for optimum pumping conditions
agree well with the experiments.

The second corroboration can be found with the results
of Alford and Hays® for fission-fragment excitation of the
xenon laser. In  their experiment (0.68 aim,
Ar/Xe =99.5/0.3, maximum power deposition = 300
Woemo '), the pumping pulse length is 3-5 ms long and
Craussian in shape. They observed that laser oscillation
closely follows the pumping pulse, but then rapidly termin-
ates when a critical power deposition is exceeded, as shown
in Fig. 12. Our simuliation of their experiment also appears in
the figure.*” Since the pumping pulse is long compared to the
kinetic time scale, the electron density is essentially in equi-
tibrium with the power deposition and energy loading. (We
have included the effects of gas heating in tkis calculation,
which reduces the rate of recombination and increases the
electron density with increasing energy leading.**) The rap-
id termination of laser oscillation is a consequence of the
electron density exceeding the value for which electron-col-
lision mixing dominates quenching.

Vi. CONCLUDING REMARKS

A model for the electron-beam-excited, high-pressure
xenon laser using Ar/Xe mixtures has been presented. Re-
sults of the model have been used to investigate the perfor-
mance of the atomic xenon laser as a function of gas mixture,
gas pressure, and power deposition. Our results indicate that
the reduction of the laser efficiency at high xenon fractions
resulis primarily from rapid quenching of the upper laser
fevel for the 1.73-um transition by coilisions with xenon. The
switching of the dominant line from 1.73 t0 2.63 um at high
xenon fraction results from the collisional cascade following
this quenching. Laser efficiency was cxamined over a large
pararmeter space in gas pressure and power deposition. We
found that the optimum power deposition shifts to higher
values with increasing gas pressure. This scaling suggests
that the optimum power deposition for each gas pressure is
determined by that value at which electron-collision mixing
of the laser levels begins to dominate and to quench laser
oscillation. Our results predict that optimum laser efficiency
is oblained at the power deposition corresponding to a frac-
tional ionization of 2-3 < 10~ °. This suggests that long-du-
ration pumping at moderate power depositions leads to the
most efficient extraction of kigh specific output energy in
high-pressure atomic xenon lasers.
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