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The infrared atomic xenon laser (5d-6p) is an attractive candidate for fission fragment 
excitation, which provides low-power deposition (l-100 W cm-s), long pulse lengths (I-10 
ms), and high-energy deposition (100s J 8-l). Optical gain at 1.73 and 2.03 pm has recently 
been measured in a reactor-excited xenon laser yielding values exceeding 0.03-0.05 cm’- ’ at 
power depositions of less than 10s W cmm3. Gain was also found to rapidly terminate before the 
peak of the pump pulse for some experimental conditions. A computer model has been 
developed to predict gain in fission-fragment-excited xenon lasers and these experiments have 
been analyzed. It is found that the termination of gain is most likely attributable to gas heating 
which increases the electron density, leading to electron collision quenching. The specific 
dependence of gain on pump rate suggests that a reduced rate of recombination of molecular 
ions with increasing gas temperature is partly responsible for this behavior. 

I. INTRODUCTION 

During the past few years, there has been a renewed 
interest in the atomic xenon laser as an efficient source of 
infrared radiation. The atomic xenon laser is capable of 
operating at high efficiency (<5%) over a wide range of 
pump rates (10s W cme3 to 10s kW cm-3).‘-11 The gas 
mixtures typically contain a small fraction of xenon (less 
than a few percent) in rare-gas buffers at pressures of OS-5 
atm. Various excitation methods have been used including 
electron-beam pumping,“P5 electron-beam-sustained dis- 
charge,6 self-sustained discharge,’ microwave discharge,8 
and fission fragment excitation.‘-’ * 

The atomic xenon laser is most often operated on one 
or more of six infrared transitions between 1.73 and 3.65 
pm corresponding to transitions between the 5d and 6p 
manifolds. Inversion mechanisms and the energy loading 
effects of the atomic xenon laser using Ar/Xe mixtures 
have been previously discussed in the context of electron- 
beam and fission fragment pumping.‘2,‘3 In summary, ex- 
citation of the upper laser levels (5d[3/2], and 5d[5/2],) is 
believed to occur as a result of a collisional-radiative cas- 
cade following dissociative recombination of ArXe+ and 
electron-impact excitation from Xe( 6s) .I2 (See Fig. 1.) 
The depopulation of the lower laser levels (6p[ l/2],, 6p[3/ 
2]t, 6p[5/2],) occurs by radiative relaxation or collisional 
quenching by heavy particles to the 6s levels. The intrinsic 
efficiency of Ar/Xe laser, measured as high as 5%, is com- 
parable to the quantum efficiency of the 1.73 pm transition, 
which is ~7%. An explanation of this phenomenon was 
first proposed by Lawton et al. ’ and Basov et al.’ as being 
the recirculation of xenon atoms by electron-impact ion- 
ization from the 6s or higher levels to Xe(5d) and Xe+, 
followed by association reactions forming ArXe+. This 
provides for a much more efficient path than direct 

“Author to whom correspondence should be addressed. 

electron-impact excitation of the ground state of xenon. 
This recirculation has been called electroionization. l-3 The 
quantum efficiency based on the electroionization cycle is 
z 30%. Results from our model of the xenon laser indicate 
that 20-30% of Xef is formed by electron impact of 
Xe( 6s) and Xe( 6s’)) with a comparable amount of excita- 
tion occurring from Xe (6s) and Xe (6s’) to higher excited 
states. 

The selective nature of heavy particle quenching of the 
Xe( 6p) manifold by different buffer gases explains, in part, 
the spectrum of the laser output in a broadband optical 
cavity. ‘*‘I The 1.73; 2.03, and 2.65 pm Xe transitions share 
a common upper laser level. Therefore, as a first-order 
approximation, the dominant wavelength is determined by 
the quenching of the lower laser level. In Ar/Xe gas mix- 
tures, the common lower laser level of the 1.73 and 2.63 
pm transitions (6p[5/2],) is quenched by argon sutllciently 
fast so that both lines may simultaneously oscillate at the 
expense of the 2.03 pm transition whose lower laser level 
(6p[3/2],) is not strongly quenched. In helium buffered 
gas mixtures, helium preferentially quenches the lower 
level of the 2.03 pm transition, initiating a cascade which 
ultimately populates the lower level of the 1.73 pm transi- 
tion.” The 2.03 ,um transition also has a higher oscillator 
strength than the 1.73 pm transition. These conditions al- 
low the 2.03 pm transition to oscillate in He/Ar/Xe mix- 
tures having only 5%-20% of helium in a broadband op- 
tical cavity.“” 

Due to the high oscillator strengths of the laser tran- 
sitions and a close match between the electron temperature 
and energy separation between the laser levels, the perfor- 
mance of the atomic xenon laser is sensitive to the effects of 
electron collision mixing (ECM).” We have previously 
proposed that at high power or energy loading, ECM ther- 
malizes the laser levels and terminates oscillation when the 
fractional ionization exceeds a few 10-6-10-5, depending 
on the gas pressure and power deposition. The effects of 
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FIG. 1. Schematic of the inversion mechanism showing significant kinetic 
pathways in the Xe laser in Ar/Xe mixtures. Xe+ forms Xe$ and ArXe+ 
through three-body association reactions. Dissociative recombination 
populates excited states of Xe which by a collisional radiative cascade 
pump the upper laser levels [Xc(W)]. Electron collision mixing of the 
Xe(5d) and Xe(6p); and electron-impact excitation from the Xe(6s) 
contribute towards reducing gain at high pump powers and energy dep- 
osition. 

high-energy loading, or gas heating, are also related to 
ECM. At a constant pump rate, increasing the gas temper- 
ature increases the electron density as a result of decreasing 
rates of dissociative recombination of the dimer ions.12 
Therefore, laser performance may degrade at a constant 
pump rate when gas heating increases the electron density 
above a critical value. 

A compilation of the experimental results from a num- 
ber of different systems using different pumping mecha- 
nisms has shown that the saturation intensity of the xenon 
laser scales as p6, where P is the specific power deposi- 
tion.” The implication of these results is that broadening 
of the transition is predominantly a result of electron col- 
lisions since the electron density scales roughly as p.5 in 
recombination-dominated plasmas. Unfortunately the 
combined effects of increased rates of excitation of the up- 
per laser level, and increased mixing of the laser levels with 
increasing pump rates (electron density) complicate the 
interpretation of both experimental and theoretical results. 
For example, the saturation intensity of the xenon laser at 
low pump rates is only 10s W cmm2. This results in the 
laser operating highly saturated under most conditions. 
Comparing laser output power between model and exper- 
iment therefore does not independently yield information 
on either saturation intensity or gain. This results from the 
fact that under highly saturated conditions, laser 0 power 
scales as gd, (ge is the small signal gain, 1, is the saturation 
intensity). Recently, however, direct measurements of gain 
at 1.73 and 2.03 ,um have been made in a fission-fragment- 
excited atomic xenon laser operating at low pump power 
( < 10s W cm-“) at near-atmospheric pressure.‘4,15 These 
measurements, combined with computer modeling, have 
enabled us to refine our understanding of the kinetics of the 
atomic xenon laser. 

In this article, gain and broadening of the 1.73 and 
2.03 pm transitions of the atomic xenon laser using rare- 
gas buffers are investigated using a computer model. Re- 
sults from the model are compared to experimental mea- 
surements of gain made in fission-fragment-excited Ar/Xe, 
Ar/HJXe, and Ar/Ne/Xe gas 
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mixtures. The pumping mechanisms used in the model 
have been validated by comparing results of the model for 
laser power to experiments under saturated conditions. 
The comparisons made here therefore provide an opportu- 
nity to test predictions of broadening coefficients and other 
kinetics parametersI such as the effects of gas heating, 
pump rate, and gas pressure at low pump rates. In this 
work, we found that products of the quenching of the 
Xe( 6p[3/2],) level by argon must remain in the 6p mani- 
fold, as opposed to directly branching to the 6s levels, in 
order to explain the onset of absorption at high-energy 
loadings. Our results also suggest that the temperature de- 
pendence of three-body association reactions must also 
scale moderately with gas temperature (T;‘.‘) to repro- 
duce experimentally observed absorption at the laser wave- 
lengths. 

The computer model and experiments used in this 
study are described in Sec. II. Quantities derived from the 
model are discussed in Sec. III, followed by a comparison 
of computed and experimental values of gain for Ar/Xe, 
He/Ar/Xe, and Ne/Ar/Xe mixtures in Sec. IV. Scaling 
laws for the relation between gain, ‘pump power, and en- 
ergy deposition are proposed. in Sec. V, followed by our 
concluding remarks in Sec. VI. 

II. DESCRIPTION OF MODEL AND EXPERIMENT 
The basic components of our computer model for the 

fission fragment excited laser have been previously dis- 
cussed in Refs. 11-13, and therefore will be only briefly 
described here. The model is conceptually similar to mod- 
els for particle-beam-excited excimer lasers. Additional 
levels of the rare gas are included to resolve the laser tran- 
sitions. Eight levels in the 5d manifold and six levels in the 
6p manifold of xenon are included in addition to the 6s and 
6s’ levels, a combined 7s/7p state, and a lumped excited 
state located at 11.5 eV representing radiating levels at 
higher energies. A listing of other species and reactions in 
the model can be found in Refs. 11 and 12. The model 
includes five laser transitions between the 5d and 6p man- 
ifolds: 1.73, 2.03, 2.63, 2.65, and 3.37 pm. The collisional 
broadening of these transitions by heavy particles and elec- 
trons is assumed to produce Lorentzian line shapes. 

In fission fragment excitation, the plasma is generated 
by the slowing of energetic heavy ions in the laser gas 
mixture. In these experiments, described below, the heavy 
ions are produced by the fissioning of uranium foils lining 
the laser cavity. The ions are produced with two charac- 
teristic energies averaging 99 and 68 MeV. The heavy ions 
predominantly slow by ionizing the gas which generates 
energetic secondary electrons, which also ionize and excite 
the gas. 

The model includes a calculation of the W values (en- 
ergy deposition/event) for ionization and excitation of all 
levels of each component of the gas mixture by the heavy 
ions. This calculation is performed with a Monte Carlo 
simulation for the injected particles and secondary elec- 
trons16 for individual gas mixtures. This calculation is nec- 
essary since W values are not simple functions of the gas 
mixture when the ionization potentials of the constituents 
are markedly different. Although these W values are cal- 
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culated based on electron-beam excitation, previous work 
has shown that W values for heavy ions differ by only 10% 
from those for electrons, and are usually larger.” 

Since the pumping pulse in the fission-fragment- 
excited system of interest is approximately 2-10 ms long, a 
direct time-dependent calculation of the gain is computa- 
tionally impractical. Therefore, model predictions were 
made at discrete points in the pump profile, integrating the 
rate equations for each species to their quasi-steady-state 
values (which are reached in 5-15 ps). The initial condi- 
tions for each of these discrete calculations include the gas 
temperature and power deposition, which is corrected for 
the gas motion. The gas temperature was calculated based 
on the integrated energy deposition in the gas to the time of 
interest. This latter assumption is only an approximation 
since calculations of the power deposition and hydrody- 
namics of the gain cell show that there is some gas motion 
into cool, unpumped regions. l8 

The dominant sources of ionization in particle-beam- 
excited plasmas are impact of ground-state species by the 
injected particles and energy energetic secondary electrons. 
These sources do not directly depend on the bulk electron 
temperature T,. The electron temperature does, however, 
impact the kinetics since quenching, recombination, and 
multistep ionization rates are dependent on its value. In 
electron-beam-excited gas mixtures, the electron tempera- 
ture is determined by the energy at which electrons recom- 
bine or attach. In rare-gas-halogen-gas mixtures where at- 
tachment is the dominant loss mechanism, the rate of 
electron loss is only a weak function of plasma density, and 
hence power deposition. In rare-gas mixtures, recombina- 
tion is the dominant loss mechanism. Therefore, the rate of 
electron loss is proportional to plasma density, which in 
turn depends on power deposition. 

We determined the electron temperature by using a 
Monte Carlo simulation (MCS) while including collisions 
with excited states and ions for a given gas mixture.16 We 
parameterized the MCS to obtain a table of T, as a func- 
tion of excited state, electron densities, and gas mixture. 
This table was then interpolated during the actual calcula- 
tion. Examples of these results for Ar/Xe and He/Ar/Xe 
mixtures are shown in Fig. 2. T, is lower in He-buffered 
mixtures compared to Ar/Xe mixtures due to the larger 
rate of momentum transfer afforded by the lighter He. In 
all cases, T, increases with increasing fractional ionization 
since the rate of recombination increases with the square of 
the fractional ionization, and recombination preferentially 
depletes the lower part of the electron energy distribution. 
These results are therefore analogous to the heating of the 
electron distribution which occurs when using large mole 
fractions of a thermal electron attaching gas such as F,.16 
Although low-powered particle-beam-excited plasmas are 
often thought of as having rather cool temperatures, at 
fractional ionizations exceeding lo-’ the temperature can 
exceed 1 eV. This value is commensurate with those found 
in e-beam-pumped rare-gas halogen gas mixtures. 

Briefly, the experiments were conducted using the San- 
dia Pulsed Reactor III (SPR III). The experimental appa- 
ratus is described in detail in Refs. 9, 11, and 19-2 1. The 
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FIG. 2. Predicted electron temperature as a function of fractional ioniza- 
tion ([$A’) for Ar/Xe and He/Ar/Xe gas mixtures. As the electron 
density increases, removal of low-energy electrons by recombination af- 
fectively heats the distribution. 

active pumped volume of the laser cell is 60X 1 X7 cm3 
and the cell is equipped with Brewster angle windows 
made of quartz. Fission fragments from the “3’U02 foils 
lining the cavity are generated by neutron pulses from the 
reactor having pulse lengths of OS-5 ms full width at half- 
maximum (FWHM) . The power deposition is obtained by 
normalizing the thermal neutron signals observed with a 
Reuter-Stokes cobalt detector to the energy deposition ob- 
tained by pressure rise. The pressure rise was corrected for 
thermally generated gas motion into unpumped regions of 
the cell as predicted by solving the NavierStokes equa- 
tions for the convective gas motion.” These corrections 
increased the power deposition by 25%-40% compared to 
the value one would obtain from the pressure rise alone. 
Gain was measured using a F-center laser operating at 1.73 
,um or a longitudinally excited electric discharge He/Xc 
laser operating at 2.03 pm.22 A detailed discussion of the 
experimentally measured small signal gain as a function of 
gas mixture, pressure, and pump power will be presented 
elsewhere.” 

III. DERIVED RATE COEFFICIENTS AND PROCESSES 

A. Broadening rate coefficients 

Predictions of laser power and intrinsic laser efficiency 
have been previously validated based on comparisons of 
our model’s results with experiments performed on 
electron-beam-excited and fission-fragment-excited la- 
sers.11*‘2 Based on these comparisons, our proposed kinetic 
population mechanisms, including the effects of gas heating 
and .ECM, have some credence. The predicted saturated 
output power is proportional to gd, This value is some- 
what independent of broadening since gc is inversely pro- 
portional to the broadening of the transition ( Av) while 1, 
is proportional to that broadening. Therefore, to first or- 
der, a kinetically consistent broadening coefficient for the 
laser transitions cannot be validated from comparisons 
based on laser power or energy; validation requires inde- 
pendent measurements of gain. The collisional broadening 
coefficients for the 1.73,‘5Z19 3.36,23 and 3.5 pm (Ref. 24) 
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TABLE 1. Collisional broadening coefficients for Xe(5d[3/2], 
-6~[3m. -i 

1 I I 
E 4 PUMP PULS& ‘:.* 

I 

I. . 

Collision 
partner 

Value derived from 
model (cm” s-‘) 

Experimental 
value (cm3 s-‘) 

(Refs. 15 and 19) 

He 
Ne 
Ar 

4.0x IO--‘0 6.5x 10-l’ 
5.0x 10-10 5.0x lo-.‘O 
8.0X lo-‘0 6.2~ 10-l’ 

transitions have been reported by others. A subset of those 
broadening coefficients is shown in Table I. 

The values of the pressure broadening rate coefficients 
for 1.73 pm transition used in the model were obtained by 
normalizing the predicted gain to the maximum value ob- 
tained in the experiments. The broadening coefficients so 
obtained are also shown in Table I. They differ from ex- 
perimental values by less than 20%, except for the helium. 
The derived broadening coefficients in helium are lower by 
approximately half than those of the experiment. We at- 
tribute this to the fact that the electron density and elec- 
tron temperature are closely coupled. Increases of the elec- 
tron temperature of a few tenths of an eV can increase the 
electron density by a factor of 2. The total broadening is 
the result of both heavy particle and electron collisions, the 
latter which also quenches the inversion. Small uncertain- 
ties in the electron temperature therefore ultimately affect 
our derived broadening coefficients by heavy particles. 

Although this procedure was sufficient to reproduce 
the maximum experimental gain for a variety of gas mix- 
tures and pump rates, agreement could not be obtained 
over the entire length of the pulse without considering 
other kinetic processes. 

B. Energy loading and gas temperature effects 

The sensitivity of laser performance to gas temperature 
is tied to the effects of ECM. In rare-gas mixtures, the 
electron density is determined by a balance between ion- 
ization and recombination. At a constant power deposi- 
tion, the rate of ionization is independent of gas tempera- 
ture. For this system the loss of electrons is dominated by 
dissociative recombination of dimer ions. The rate coeffi- 
cient for association of dimer ions, a three-body process, 
scales approximately as TFw.28 Rate coefficients for disso- 
ciative recombination also decrease with increasing tem- 
perature. As a result, the electron density increases with 
increasing gas temperature due to there being a decreased 
density of dimer ions (relative to monomer ions) that re- 
combine more slowly, even though the source due to ion- 
ization is constant. 

Experiments by Voinov et al.25726 on the fission- We performed a parametric survey with our model in 
pumped Ar/Xe laser showed that the laser output reached which we investigated the temperature dependence of a 
a maximum prior to the maximum of the pumping pulse. variety of heavy particle processes. We determined that the 
Similar trends have been observed by Hebner and Hays’4’15 time (corresponding to a given energy loading or gas tem- 
for laser power and for laser gain, as discussed in this perature) at which gain terminates is most sensitive to the 
article. The gain and laser power deviate from being pro- temperature dependence of the three-body association re- 
portional to the power deposition, very often decreasing actions for forming dimer ions. The important reactions in 
and the gain turning to absorption before the pump pulse Ar/Xe mixtures are Ar++ArfM-*Ar$+M, Xe’fAr 
reaches a maximum. Vionov et a/.” proposed that the pre- +M-ArXe++M, and Xe++Xe+M+Xez+M. Mea- 
mature termination of the laser power results from disrup- surements and theoretical studies of this process for a va- 
tion of the optical quality of the gas. Calculations and riety of ions have yielded dependencies of TF”.5-TF2.5. 
experiments were performed on the optical quality of our Typical results from our parametric survey in which we 
laser gas mixtures during reactor pumping.27 The results varied the temperature dependence of ion association reac- 
indicated that the optical homogeneity is not significantly tions ( TFN, 1.5~N~3.0) are shown in Fig. 3. We plotted 
degraded for the pump rates and pressures of interest. For our predictions with experimental results for gain at 2.03 
our conditions, the degradation in gain most likely results km in a fission-fragment-excited Ar/Xe=99.7/0.3 gas 
from energy loading, a rise in gas temperature, and a co- mixture. The gas pressure was 530 Torr and the maximum 
incident rise in electron density. We have previously pro- power deposition was 87 W cmw3. The peak gain is well 
posed that laser oscillation in the Xe laser is quenched by reproduced for all temperature dependencies, that is, for all 
electron collision mixing of the laser levels when the elec- values of N. The transition to, and magnitude of, the ab- 
tron density increases above a critical fractional ionization sorption, however, are sensitive to the temperature de- 

0 1 2 3 4 -5 
TIME (ms) 

FIG. 3. Predictions for gain using different temperature dependencies for 
the rate coefficient for three-body ion association reactions. The experi- 
mental conditions are Ar/Xe=99.7/0.3, 529 Torr, peak pump power 87 
W cmd3. The rate coeflicient scales as r$ and three trials are shown: 
N= 1.5, 2.0, and 3.0. Agreement with experiment is obtained for NI 1.5. 

of 5 x~lo-6-10-5.‘2 If the mixing is sufficiently large, the 
termination of laser oscillation, and gain, may be followed 
by absorption. 
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- TABLE II. Quenching rate coefficients for Xe(6p) Used in the model 
( cm3 se1 ). 

Collision partner 

Xe(6p) He” Nea AP 

11% 6.0 x10-12 3.4x lo-” 1.4x lo-‘0 
13/212 1.7 x 10-12 4.7x lo-l3 3.8x 10-l’ 
~34, 7.49x 10-l’ 2.0x 10-l) 1.1 x10-1’ 
15121, 1.0 x10-l’ 3.0x lo-l2 3.5x 10-l’ 
15/21, 9.2 ~1O-l~ 6.6X 1o-‘2 LOX lo-‘0 
[l/21’ 4.0 x10-” 3.0x lo-l2 6.5X lo-” 

%ee Ref. 30. 
‘See Ref. 24. 

pendence of dimer ion association ( T,-550 K at maxi- 
mum absorption). We reproduce experimental results with 
a temperature dependence of T; ‘.5. The underprediction 
of gain at the leading edge of the pulse is discussed below. 

C. Effects of branching of heavy particle quenching 
of Xe(6p) 

The high efficiency of the atomic Xe laser is partly due 
to the rapid depopulation of Xe( 6p) manifold (lower laser 
levels) to other levels in the Xe(6p) manifold or to the 6s 
manifold by collisional quenching by argon and helium. 
Out of the seven infrared transitions between the 5d and 6p 
manifold, only one laser line is usually dominant, either the 
1.73 or 2.03 pm line. This behavior is due, in part, to gain 
saturation and, in part, to selective quenching of the lower 
laser levels of the 1.73 and 2.03 ym transitions by argon 
and helium, respectively. Quenching rate constants and 
primary product state assignments have been reported for 
the deactivation of Xe(6p) states in Ar using one-photon 
excitation in the afterglow of a pulsed discharge and two- 
photon excitation in a static ce11.29-3* The quenching rate 
coefficients used in the model for Xe( 6p) levels are shown 
in Table II. Quenching of the 6p and 5d 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 in the 5d manifold 
with ground-state xenon do not result in dimerization but 
predissociate to Xe( 6s). A similar process is likely to occur 
for the higher levels of Xe(6p), while the lower levels of 
Xe(6p), Xe(6p’), and Xe(6.s) most likely dimerize. 

The validity of these quenching coefficients and their 
branchings in the context of our model are obviously im- 
portant factors in predicting gain. For example, at the be- 
ginning of our study, the total rate coefficients for quench- 
ing of Xe(6p) by Ar had been measured; however, their 
branchings were not known. If one proposes that the 
branchings of the quenching of Xe(6p[3/2],) are exclu- 
sively to Xe(6s) levels, as in quenching by xenon, the pre- 
dicted gain (trace A in Fig. 4) decreases at the same time 
as observed in the experiments. However, the peak gain is 
larger than experiments and absorption is not predicted. If, 
instead, branching are to other levels in the 6p manifold, as 
later recommended in Ref. 29, the predictions for gain are 
in good agreement with the experiment. These results im- 
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FIG. 4. Predictions for gain using different branchings for products of the 
quencing of Xe(6p). The conditions are the same as in Fig. 3. Theory A 
has branchings of the quenching to the Xe(6r) manifold. Theory B has 
branchings that are retained in the Xe(6p) manifold. 

ply that the onset of absorption results, at least in part, 
from a bottlenecking of density in the Xe(6p) manifold. 
Bottlenecking in the lower laser manifold coupled with 
ECM with the Xe(5.s) manifold thermalizes the laser lev- 
els, terminates the gain, and may result in absorption. 

The uniqueness of the parameters we have derived in 
this exercise is certainly an issue. One could hypothesize 
other processes that will reproduce the experimental re- 
sults. Given, however, the uncertainties in the reactor ex- 
periments, uncertainties in the existing database of rate 
coefficients, and the good agreement we have obtained be- 
tween our model and experimental results, we believe our 
reaction scheme captures the essential physics while not 
necessarily being unique. 

IV. ANALYSIS OF GAIN FOR Ar/Xe, He/Ar/Xe, AND 
Ne/Ar/Xe MIXTURES 

Predictions of gain compared to experiment for the 
2.03 pm transition in Ar/Xe=99.7/0.3 mixtures are 
shown in Figs. 5 and 6. The initial gas pressure was ap- 
proximately 530 Torr and the maximum power deposition 
is approximately 87 W cmw3. The peak gain and the onset 

.-Y 

5 
‘; 

0 
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5 
M 
0 

c-i 

Z 

% 

6 

-6 

I I 1  I 8  _1 

1 PUMP PULSE\.” -‘..... 

EXPERIMENT 

Ar/Xa=99.7/0.3 
529 TORR. 87 W/cc 

I ! , I I I 
0 1 2 3 4 5 

TIME (ms) 

FIG. 5. Predicted and experimental gain, and pump power as a function 
of time for the 2.03 pm transition. The conditions are Ar/Xe=99.7/0.3, 
peak pump power 87 W  cm-‘, and 529 Torr. 
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FIG. 6. Predicted and experimental gain, and pump power as a function 
of time for the 1.73 and 2.03 pm transitions in Ar/Xe=99.7/0.3. The 
conditions are (a) 1.73 pm, 47 W  cm 3, 524 Torr; (b) 2.03 pm, 44 
W  cmw3, 523 Torr. Gain at 1.73 pm is 0.3-0.5 that at 2.03 pm. 

of absorption are reproduced. The peak gain occurs prior 
to the maximum pump rate, while the absorption increases 
with increasing pump rates. The reason for the cutoff and 
onset of absorption is thermalization of the laser levels (5d 
and 6p manifolds) resulting from electron-collision mixing 
and some additional amount of excitation from Xe(6s) to 
Xe( 6~). The higher pump rate not only results in a higher 
electron density but also higher gas temperatures which, 
for the reasons discussed above, increases the electron den- 
sity to even a larger value. 

The predictions for gain shown in Fig. 5 differ from 
those in Fig. 3 at the leading edge of the pump pulse. Our 
model had underpredicted gain in the leading edge of the 
pump pulse where power deposition is < 10 W  cmV3. The 
fact that experimental measurements of gain at the leading 
edge were unexpectedly high prompted a reexamination of 
the response of the thermal neutron detector at low pump 
powers. At low neutron flux, the cobalt detector is sensitive 
to the gamma ray flash produced by the reactor. This ex- 
ercise resulted in a renormalization of the detector re- 
sponse, increasing the implied power deposition by approx- 
imately a factor of 2 at values < 10 W. With this 
renormalization, the agreement with experiment is mark- 
edly improved. 
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Additional comparisons of predictions of gain with ex- 
periments for both the 1.73 and 2.03 ym transitions in an 
Ar/Xe=99.7/0.3 mixture are shown in Fig. 6. The initial 
gas pressure was z 520 Torr and the maximum power dep- 
osition was ~44-50 W  cmB3. Gains at 1.73 and 2.03 pm 
were measured on different reactor pulses. The dynamics 
of the SPR III reactor results in lower peak power pulses 
having longer pulse lengths. The peak gain occurs prior to 
the peak pump power for both the 2.03 and 1.73 pm tran- 
sitions. The peak gain with a maximum pump power of 87 
W  crnw3 occurs at approximately 46 W  cmm3 whereas that 
at a peak pump power of 44 W  cme3 occurs at approxi- 
mately 33 W  cmV3. The values of the peak gain, approxi- 
mately 0.03 cm-‘, are almost the same in both cases. Since 
the pulse length at the lower pump rate is somewhat 
longer, the onset of absorption occurs at almost identical 
amounts of energy deposition, approximately 45-50 J/L 

The predicted and experimental gain at 1.73 pm have 
peak values of approximately 0.01 cm-‘. In general, gain 
on the 1.73 pm transition is 0.3-0.5 that of the 2.03 pm 
transition in spite of the higher rate of quenching of the 
lower laser level of the 1.73 pm. This indicates that bottle- 
necking in the lower level (6p[522])), at least prior to cut- 
off, is not a limiting factor. The higher gain at 2.03 pm is 
largely a result of the higher oscillator strength for that 
transition. 

Comparisons of gain for a He/Ar/Xe mixture are 
shown in Fig. 7 for 1.73 and 2.03 pm lines, respectively. 
The gas mixture is He/Ar/Xe=49.4/50.3/0.3 at a total 
pressure of 1034 Torr with peak pumping powers of 50-60 
W  cmV3. The trends are similar to that for the Ar/Xe 
mixtures, except that the gain on the 2.03 pm transition is, 
on a relative basis, larger than the 1.73 pm due to the more 
favorable rate of quenching of its lower laser level by He. 
The predicted peak gain for 2.03 pm agrees well with ex- 
periment while that for 1.73 ,um is lo%-20% lower than 
that obtained in the experiments. The predicted values are 
quite sensitive to small changes in electron temperature 
and power deposition, as explained in the previous section. 
Due to the higher heat capacity resulting from adding he- 
lium, the gas heating that causes the cutoff of the gain is 
reduced, allowing the gain pulse to nearly track the pump- 
ing pulse. Peak gain still occurs somewhat prior to the peak 
of the pump pulse though the onset of absorption is signif- 
icantly delayed, if it occurs at all. The specific energy dep- 
osition at which absorption occurs is approximately 80 J/e 
atm, somewhat larger than that for the Ar/Xe mixtures, 
which is approximately 68 JMatm. 

Comparisons of the model and experimental results for 
gain at 2.03 pm in a Ne/Ar/Xe=33/66.7/0.3 gas mixture 
are shown in Fig. 8. The peak pump power is 30 W  cmp3 
and initial gas pressure is 776 Torr. The gain is comparable 
to that obtained in He/Ar/Xe mixtures. Gain also prema- 
turely peaks in this mixture; however, the added heat ca- 
pacity provided by the addition of Ne to the mixture 
lengthens the gain pulse to nearly the entire duration of the 
pumping pulse (100 J/Y atm). We found from results of 
the model that the gain in Ne/Ar/Xe mixtures’ is quite 
sensitive to the rate of Penning ionization of Xe ions by 
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FIG. 7. Predicted and experimental gain, and pump power as a function- 
of time for the 1.73 and 2.03 pm transitions. The conditions are [a) 1.73 
pm, He/Ar/Xe=49.85/49.85/0.3, pump power 50 Wcm-‘, and 1034 
Torr; (b) 2.03 pm, He/Ar/Xe=49.4/50.3/0.3, pump power.59 W cm’--‘* 
and 1034 Torr. The lower specific energy deposition allows gain to extend 
to longer times. 

Ne-excited states. The curve labeled A in Fig. 8 was ob- 
tained using a rate coefficient of 2X 10-%m3 si ’ for this 
Penning process, while the curve labeled B was obtained 
using a rate coefficient of 1 X 10-r’ cm3 s-‘. Since Ne is 
not a particularly rapid, nor selective, quencher of Xe ( 6p), 
the addition of Ne to the gas mixture can only decrease 
gain by intercepting power that would otherwise channel 
to the upper laser levels. A rapid transfer of excitation 
between Ne and Xe, particularly Xe ions, prevents para- 
sitic processes such as formation of Ne dimers and radia- 
tive relaxation, from decreasing the inversion density. 

V. SCALING OF XENON LASER 

Similar gains in the Xe laser are obtained at similar 
specific power and energy depositions. For example, gains 
from three separate experiments are plotted in Fig. 9 for 
different Ne/Ar/Xe mixtures: Ne/Ar/Xe= 33.3/66.4/0.3, 
0.286 atm, 39 W cmw3; 66;5/33.3/0.2, 0.381 atm, 43. 
W cmu3; Ne/ArLXe 74.4/24.5/0.1, 0.572 atm, 46 
W cme3. The diameter of the circles in Fig. 9 represents 
the relative magnitude of gain, whereas the location of the 
circIes corresponds to the power and energy deposition of 

0 1 2 3 4 5 
TIME (ms) 

FIG. 8. Predicted and experimental gain, and pump power as a function 
of time for the 2.03 pm transition. The conditions are Ne/Ar/Xe=33/ 
66.7/0.3, pump power 30 W cm-‘, and 776 Torr. Two theoretical curves 
are shown. Curve A uses a rate coefficient for Penning ionization of Xe by 
Ne-excited states of 2X IO-” cm3 s-‘.-Curve B uses a rate coefficient of 
1 X lo-” cm3 s--I. 

that particular experiment. Within experimental uncertain- 
ties, similar gains are obtained at similar locations in the 
specific power (W/cm3 atm) and specific energy deposi- 
tion (J/cm’ atm) parameter space: Unfortunately, the ex- 
periments are restrictured to nearly the same trajectory in 
the power-energy deposition plane since the shape of-the 
pumping pulse is not easily controlled in reactor experi- 
ments. 

To alleviate this restriction and to derive scaling laws 
for the Xe laser, the following computer experiments were 
performed. The gains at 1.73 and 2.03 pm were calculated 
for a variety of gas mixtures while independently varying 
the power and energy deposition. The range of values in 
the survey were 5<P (W/cm3)<30 and 50<E (mJ/ 
cm3> < 150. We restricted ourselves to conditions that cor- 
respond to being prior to the cutoff observed in gain. We 
then searched for a scaling parameter based on the logic 
that increased pump power increases gain whereas as in- 
creasing energy deposition decreases gain due to gas heat- 
ing. This lead to the general form go-P/(E+b)C where b 
and c are constants. The results of that survey are shown in 
Fig. 10. Circles and triangles are results from the model 
from a variety of combinations of P and E. The lines are 
the proposed scaling laws. 

We found that in Ar/Xe mixtures (0.69 atm), the data 
was fit well by go (10e2 cm-1)=P/(E+100)0~8 at 1.73 
,um, and P/(E+.lOO)‘? at 2.03 ,um. The characteristic en- 
ergy deposition for reduction in the gain is then approxi- 
mately 50 J/Yatm, or a temperature rise of approximately 
100 K. Although the gain at 1.73 pm is lower than 2.03 
pm, it appears to be less sensitive to energy deposition than 
is the 2.03 ym transition, as born out by the experimental 
results in Fig. 9. Similar gain scalings were obtained for 
He/Ar/Xe mixtures (0.69 atm), as shown in Fig. IO(b). 
The scaling relationship we derived is gozP/(E+ 100)“.8. 
These scaling relationships are valid for P and E prior to 
the premature cutoff in gain. 
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FIG. 9. Experimental gain (2.03 pm transition) plotted in terms of power 
and energy deposition. Size of the circles represents the relative magni- 
tude in gain: (a) Ne/Ar/Xe=33.3/66.4/0.3, 0.286 atm, 39 W/cm3; (b) 
Ne/Ar/Xe=74.4/24.5/0.1, 0.572 atm, 46 W/cm3; (c) Ne/Ar/Xe 
=66.5/33.3/0.2, 0.381 atm, 43 W/cm3. 

VI. CONCLUDING REMARKS 

Gain predictions for the xenon laser from a plasma 
kinetics computer model have been presented and com- 
pared with experiments from fission fragment excitation of 
Ar/Xe, He/Ar/Xe, and Ne/Ar/Xe mixtures. Gain predic- 
tions at pump powers of 10s W cm-j and energy loadings 
of 10s mJcm-” agree well with experiments. We deter- 
mined that the products of quenching of Xe(6p) levels by 
Ar likely remain in the 6p manifold. We also derived an 
effective gas temperature dependence for three-body ion 
association reactions, TF3”. Scaling laws were proposed 
for low-power, high-energy deposition pumping of the xe- 
non laser prior to the cutoff in gain. The proposed scaling 
law is P/(E+lOO)“, were P is specific power deposition 
( W/cm3 atm) and E is specific energy deposition ( mJ/cm3 
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FIG. 10. Results from computer experiments for gain over a range of 
power deposition [5(P (W/cm’) <30] and energy deposition [50<E (mJ/ 
cm3)<150]. (a) 1.73 and 2.03 pm transitions for Ar/Xe mixtures. (b) 
2.03 pm transition for He/Ar/Xe mixtures. Gain scalings of the form 
gczP/(E+b) are suggested. The symbols are for trials performed at 
different combinations of P and E. 

atm). These scalings reflect that gain increases with in- 
creasing pump rate but decreases with increasing energy 
deposition due to the effects of gas heating. 
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