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Energy Loading Effects in the Scaling of Atomic
Xenon Lasers

MIEKO OHWA aAnD MARK J. KUSHNER, SENIOR MEMBER, 1EEE

Abstract—The intrinsic power efficiency of the atomic xenon (54 —
6p) infrared (1.73-3.65 pm) laser is sensitive to the rate of pumping
due to electron collision mixing of the laser levels. Long duration
pumping at moderate power deposition may therefore result in higher
energy efficiencies than pumping at higher powers. In this paper we
examine the consequences of high energy deposition (100°s J/1 atm)
during long pumping pulses (100’s ps) on the intrinsic power and en-
ergy efficiency and optimum power deposition of the atomic xenon laser.
The dominant effect of high energy loading, gas heating, causes an in-
crease in the electron density and therefore an increase in the electron
collision mixing of the laser levels. The optimum power deposition for
a given gas density therefore shifts to lower values with increasing gas
temperature. For sufficiently long pumping pulses, iform gas
heating results in convection and rarification of highly pumped re-
gions. The optimum power deposition therefore shifts to even lower
values as the length of the pumping pulse increases. As a result, laser
efficiency depends on the spatial distribution of power deposition as
well as its magnitude.

I. INTRODUCTION

HE atomic xenon laser operates in the near infrared

on transitions ranging from 1.73 to 3.65 um (see Fig.
1). The transitions having the highest efficiency are be-
tween the 5d and 6p manifolds [1]-[6]. The laser is typ-
ically operated in gas mixtures consisting of a small frac-
tion of xenon (less than a few percent) in rare gas buffers
at pressures of 0.5-5 atm. Laser oscillation has been ob-
tained in Ar-Xe [1]-[6], He-Xe [1], [3], Kr-Xe [1], Ne-
Ar-Xe [9], and He-Ar-Xe [4], [9] mixtures. The highest
efficiencies have been obtained in Ar-Xe mixtures. Using
electron beam (e beam), [1]-[3], [5], [9], e-beam sus-
tained discharge [1]-[3], [10], self-sustained discharge
[11]-[12], and fission fragment excitation [4], intrinsic
laser efficiencies in excess of 5% have been recorded [1]-
[4]. This performance is impressive considering that the
quantum efficiency of the 1.73 um transition (5d[3/2},
- 6p[5/21,), which is the dominant transition in optim-
ized Ar-Xe mixtures, is =~7% based on excitation from
the ground state. Under these conditions, the 5d manifold
is dominantly excited by a collisional radiative cascade
following dissociative recombination of ArXe* (see be-
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Fig. 1. Energy levels of the 6p and 54 manifolds of atomic xenon showing
the dominant laser lines obtained in e-beam-pumped Ar-Xe gas mixtures.

low). These high laser efficiencies can only be reasonably
explained by there being a large amount of power being
recirculated between the xenon metastable levels (6s) and
the ion in a process commonly called electroionization
[11-[3}.

The inversion mechanism for e-beam pumping of the
atomic xenon laser using Ar-Xe mixtures has been widely
studied both experimentally [1]-[6], [8]-[12] and theo-
retically [7], [13]. When operating with near optimum
pumping conditions the 1.73 um (5p[3/2}, —
6p[5/2],) transition carries 0.7-0.9 of the total laser
power while the 2.63 upm transition (5d[5/2], —
6p[5/2),) carries the majority of the remaining power.
As a result of those studies, it has been hypothesized that
a rapid collisional-radiative cascade following dissocia-
tive recombination of ArXe" efficiently populates the 5d
manifold, and the 5d[3 /2], level in particular [1], [5],
[7]. Quenching of the common lower laser level of the
1.73 and 2.63 um transitions (6p[5/2],) by collisions
with argon is sufficiently fast that there is little competi-
tion between these lines. Both lines may simultaneously
oscillate. The 2.03 um (5d[3/2]; — 6p[3/2],) transi-
tion shares the same upper laser level as the 1.73 pm tran-
sition, has the higher oscillator strength, and is the dom-
inant laser line in_gas mixtures not having a large fraction
of Ar. In Ar-Xe mixtures, however, favorable quenching
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of the 6p[5/2], level allows the 1.73 um transition to
oscillate, thereby saturating the 5d[3 /2], level and pre-
venting the 2.03 pm transition from oscillating.

The 6p manifold is tightly coupled to the 6s and 5d
manifolds by electron collisions. These collisions effec-
tively mix the 6s and 6p manifolds, and the 6p and 5s
manifolds. Since the upper laser levels are populated by
a recombination cascade, and the lower laser levels are
dominantly emptied by radiation or heavy particle colli-
sions, electron collision mixing (ECM) of the 6s, 6p, and
5d manifolds is generally detrimental to the laser’s per-
formance [7]. For example, ECM of the 6p and 6s man-
ifolds contributes to quenching of the inversion when the
population of the 6s manifold increases at high Xe den-
sities although it is not the dominant process [14]. Simi-
larly, at high-power deposition, or high electron density,
ECM between the 5d and 6p manifolds also reduces the
population inversion. In a previous work [7] we showed
that the optimum power deposition in Ar-Xe mixtures,
based on the steady-state intrinsic laser efficiency, is that
value for which the fractional ionization f; is 2-3 + 1075,
This value results from a balance between heavy particle
quenching of the 6p manifold and ECM of the 6p and 5d
manifolds. These results suggest that high specific laser
energy can be obtained by pumping at moderate power
deposition for long periods provided that this value of f;
is not exceeded. Under pumping conditions where ECM
of the 5d and 6p manifolds is important, laser oscillation
has been found to terminate before the end of the pumping
pulse [7]-[9]. These observations suggest that the elec-
tron density increases during the pumping pulse signifi-
cantly above the value where f; = 2-3 - 107® and ECM
dominates. We call the electron density at which ECM
quenches laser oscillation the critical electron density n,.
This value corresponds to f; = 0.8 — 1.0 - 1075,

As we will discuss below, the increase in the gas tem-
perature T, experienced at high energy loading increases
the electron density even though the power deposition is
constant. As a result, a laser initially operating with an
electron density near s, (i.e., at high power deposition)
can tolerate a smaller increase in gas temperature than a
laser initially operating with an electron density signifi-
cantly less than n, (i.e., at low power deposition). There
is, then, a relationship between energy loading, power
deposition, and maximum laser pulse length. Patterson et
al. [8], [9] performed parametric studies of the depen-
dence of laser intensity and laser pulse width on power
deposition in an e-beam-pumped xenon laser using a 1
atm gas mixture (Ar-Xe = 99.5-0.5). The duration of
the ¢ beam was 1 ms. They found that the laser often
terminated prematurely (prior to the end of pumping). The
energy deposition corresponding to the time at which the
1.73 pm transition terminated for various power deposi-
tions was fairly constant at =160 J/L™!, although the
peak laser intensity increased with increasing power de-
position [8].

In this paper we examine the consequences of high-en-
ergy loading of the atomic xenon laser as is required to
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obtain high laser pulse energies. In particular we examine
how gas heating resulting from high-energy loading may
limit specific laser output energy. Our discussion will be
based on results from a model for the e-beam-pumped
atomic xenon laser using Ar-Xe mixtures, and comparing
those results with experiments. We find that at high-en-
ergy loading, laser oscillation can be quenched by strong
electron collision mixing (ECM) between the laser levels
even though laser oscillation can be sustained at lower
values of energy deposition. This results from the fact that
the electron density and hence electron collision mixing
between laser levels increases with increasing gas tem-
perature while the rate of pumping is a constant. We also
find that convection caused by gas heating increases the
fractional jonization in the higher pumped and rarified re-
gions. As a result, the duration of the laser pulse depends
on the spatial distribution of power deposition as well as
its magnitude.

In Section II, high-temperature kinetics in the xenon
laser are discussed followed by a description of our model
in Section III. General scaling relationships for laser ef-
ficiency during high-energy loading are presented in Sec-
tion IV. Hydrodynamic effects resulting from nonuniform
power deposition and how they relate to ECM of the laser
levels are discussed in Section V. Our concluding remarks
are in Section VI.

II. HiGH TEMPERATURE AND HIGH-ENERGY LOADING
EFFECTS

Ignoring changes in medium uniformity caused by con-
vection, high-energy loading of gas lasers basically only
changes the gas temperature. For example, with a power
deposition of 100’s of W /(cm® - atm) over a time of
100’s ps netting an energy deposition of 10’s of J/(L -
atm) the gas temperature increases by 100’s of K. The
increase in gas temperature increases the rate of endo-
thermic heavy particle quenching reactions, such as Ar +
Xe(6p[3/21)) = Ar + Xe(6p[3/2],). Another impor-
tant consequence of gas heating is that the rate coefficients
for three-body association reactions (e.g., Ar + Xet +
M — ArXe' + M) and dissociative recombination (e.g.,
ArXe"™ + e — Ar + Xe**) generally decrease with in-
creasing gas temperature [15], [16]. For the conditions of
interest ( >0.5 atm), dissociative recombination is the
dominant electron loss mechanism. The rate of ionization
in an e-beam-pumped plasma is approximately P/W,
where P is the power deposition and W is the amount of
energy required to create an electron-ion pair. This rate,
unlike that for recombination, is not a function of gas
temperature. The balance between ionization and recom-
bination, though, must always hold. That is

P

= kM3 (1)
where k, is the rate constant for dissociative recombina-
tion and M5 is the density of dimer ions. Since both k,
and M5 decrease with increasing gas temperature then n,
must increase.
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To estimate the effects of gas heating on the electron
density, and on the fraction of ions which are monomers
(denoted M *) or dimers, we can write the simplified bal-
ance equations

8[M+]_£_ + 2 _
) MTk = 0 (22)
3[M;]

ot

where M is any third body, and the electron density [e]
= [M¥]) + [M7]. In writing (2a) we have assumed that
monomer ions are formed by ionization from the beam
and lost by dimerization to form M with rate coefficient
k4, but do not otherwise recombine. The terms in (2b) for
[MF] are for dimerization and dissociative recombina-
tion. This estimate represents a lower limit for the elec-
tron density since multistep ionization processes have been
ignored. Representative rate coefficients and their tem-
perature dependencies are [7] k, = 1 - 107" - (300
K/T,)**cm®s™ andk, = 3.6 - 1077 - (1 — exp (—180
K/T,)) cm® sl

Since dissociative recombination of diatomic ions is
both the dominant electron loss mechanism and the dom-
inant pumping mechanism for the upper laser level, the
rate of populating the upper laser level is basically a con-
stant for a given power deposition regardless of gas tem-
perature. As the electron density increases with increasing
gas temperature at constant power deposition, however,
ECM of the laser levels increases with no increase in net
pumping. If the electron density increases to a value
greater than n, as a result of energy loading. ECM may
decrease the intrinsic power efficiency or terminate laser
oscillation. If the increase in electron density remains well
below n,, the increase in ECM of the laser levels may in
fact, be beneficial for oscillation on a particular transi-
tion. Therefore, the intrinsic power efficiency for a given
power deposition can shift to higher or lower values due
to the increase in electron number density, depending
upon whether n, is closely approached or not.

In addition to these local kinetic effects, the time scales
of interest (100’s of us to a few ms) are long enough for
convection of the gas caused by nonuniform gas heating
to be important. In these cases, the gas number density in
the higher pumped region decreases due to rarification
caused by the convection. If the rate of power deposition
does not proportionally decrease with the decrease in gas
density, as is the case with e-beam pumping using a \
geometry [8], [9], [17], the fractional ionization will in-
crease in the rarified regions. This leads to an even higher
rate of ECM, and a faster rate of approach of the electron
density towards n.. For these conditions, the duration of
the laser pulse can also depend on the spatial distribution
of power deposition as well as its magnitude.

= [M*][MTk; — [e][M5 ]k, =0 (2b)

III. MopELING THE EFFECTs OF HIGH-ENERGY
LoADING

The kinetics and optical time scales ( <100’s of ns) in
the Xe laser are small compared to the hydrodynamic time
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scale (tens of us). Based on these differing time scales,
the instantaneous laser efficiency can be approximated as
being in quasi-equilibrium with the local pumping con-
ditions. In this approximation, the instantaneous intrinsic
laser efficiency 7, can be characterized by gas mixture,
laser cavity parameters, and the local values of gas num-
ber density, power deposition, and gas temperature.
Taking advantage of these differing time scales, we
have formulated a model to calculate laser output power
as a function of position and time which is both compu-
tationally expedient and accounts for hydrodynamic ef-
fects. In this model, we integrate the conservation equa-
tions for gas density, energy, and momentum to obtain
the temporally and spatially dependent profiles of gas
number density and gas temperature. These equations are

N
Zo v 3
o v (3)
M=—€p~6-pz‘iﬁ‘p— (4)
ot T
B(INKT,) |
PV G(IMT,) + V- kT, (5)

ot

where N is the gas number density, 7 is the convective
velocity, p is the gas mass density, p = NkT, is the ther-
modynamic pressure, P is the power deposition, and « is
the thermal conductivity. 7 is a viscous damping time
chosen to improve the numerical stability of the solution,
but does not otherwise impact the results. The power dep-
osition, P(7, t) is a specified function. Given the differ-
ing time scales, we assume that the local intrinsic laser
power efficiency is a function of the local fractional jon-
ization and gas temperature for a given gas number den-
sity and mixture. The laser efficiency is separatedly cal-
culated using the model described below. It is
parameterized as a function of these values, and entered
into a lookup table. During execution of the model, the
local instantaneous laser power is calculated from the
product n;P(7, t), where 5, is obtained by interpolating
the lookup table.

The kinetics model we used to obtain 7, is the same as
that described in [7]. The framework of the model me-
chanically differs little from conventional models of
e-beam-pumped excimer lasers. Because of the impor-
tance of the differences in excitation and quenching of in-
dividual levels in the 6p and 5d manifolds with respect to
the performance of the laser, we included the individual
levels of the 6p and 54 manifolds of xenon in the model
in addition to the lumped states Xe*(6s), Xe*(6s'),
Xe(7s/7p), and Xe** (higher radiating states). The laser
fluxes for transitions at 1.73, 2.63, 2.65, 3.37, and 2.03
pum are also included in the model.

IV. MopEeL RESULTS FOR THE HIGH-TEMPERATURE
KINETICS OF ARGON-XENON LASERS

In this section we will discuss results from our model
for the quasi-steady state intrinsic power efficiency of the
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atomic xenon laser in Ar-Xe mixtures. These results will
be presented as a function of energy loadings of from tens
to 100’s of J/(L - atm). These loadings correspond to
increases in gas temperature of 100’s of K. Hydrodynam-
ics effects, ignored in this section, will be discussed be-
low. The intrinsic laser power efficiencies cited here were
obtained by setting an initial gas temperature correspond-
ing to a specific energy loading and then integrating the
rate equations for the species in the zero-dimensional ki-
netics model until reaching a steady state. The steady state
is reached in a short enough time that no additional gas
heating is experienced.

For the results discussed in this and the following sec-
tion, we modeled a Xe laser operating with a gas mixture
of Ar-Xe = 99.5-0.5 at a pressure of 1 atm. These op-
erating conditions were chosen because the highest intrin-
sic laser efficiency was predicted to occur near 1 atm, [7]
operating at atmospheric pressure is attractive when using
a large aperture, and experimental data is available for
these parameters [8], [9]. The resonator consists of a cav-
ity length of 1 m, total reflector, and an output mirror
which has 50% reflectivity for all wavelengths of interest.
The gain length is 50 cm.

As shown elsewhere [7], the optimum power deposition
with respect to laser efficiency at 1 atm and 300 K is
~500 W /cm®. At power depositions of =500 W /cm®,
the intrinsic power efficiency rapidly decreases because of
ECM of the laser levels. This occurs as the electron den-
sity approaches and surpasses n., which for these condi-
tions is approximately 2 + 10" cm™, The effects of en-
ergy loading are manifested by the fact that the electron
density is an increasing function of gas temperature.

The quasi-steady-state intrinsic laser power efficiency
as a function of energy loading is shown for various power
depositions in Fig. 2. The quasi-steady-state electron den-
sities for these conditions are shown in Fig. 3. Results
from the simple scaling for [e] obtained from (2) are
shown in Fig. 3(a) while those from the detailed model
are shown in Fig. 3(b). The gas temperatures (initial val-
ues 300 K) corresponding to the indicated energy loadings
are also shown in the figures. When the power deposition
is held constant, the rate of populating the upper laser
level due to dissociative recombination is also virtually
constant since the rate of recombination simply balances
ionization. As k, decreases with increasing energy load-
ing, however, the electron number density increases to
keep the total rate of recombination a constant and equal
to the ionization rate, as shown in Fig. 3. This increase
in electron density results in an increase in the ECM and
quenching of the laser levels, and a decrease in laser ef-
ficiency. When the electron density exceeds the critical
value above which ECM dominates, oscillation cannot be
sustained and the laser terminates. At a power deposition
of 1 kW /cm™3, the energy deposition at which the laser
oscillation terminates is less than 100 J - L™', while at a
power deposition of 100 W /cm™ laser oscillation does
not terminate until an energy deposition of >1kJ - L',
This trend results from the smaller fractional increase in
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Fig. 2. Quasi-steady-state laser power efficiencies (laser power-power
deposition) as a function of energy deposition for different values of
power deposition in an e-beam-pumped laser. The gas mixture is Ar-Xe
= 99.5/0.5 at | atm. The gas temperature corresponding to the indi-
cated energy deposition is shown on the top scale. Laser oscillation is
quenched due to an increase in electron density, and hence electron col-
lision mixing, as the gas temperature increases.
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Fig. 3. Quasi-steady-state electron densities for different values of power
deposition for the conditions of Fig. 2. (a) Electron density normalized
by its value at T, = 300 K as obtained with the simple scaling from (2).
The lower curve was obtained while keeping &, a constant. Also shown
is the fraction of ions which are monomers M*. (b) Results obtained
from the detailed kinetics model. The range of the critical electron den-
sity, above which laser oscillation is quenched, is shown between the
dashed lines. The critical electron density corresponds to a fractional
ionization of 0.8 — 1.0 - 107°.

electron density required to surpass n, at the higher pump
rates. The small increase in laser efficiency found at high
gas temperatures for a pump rate of 100 W /cm™? is a
consequence of more favorable quenching of the lower
laser levels resulting from the increasing rate of endo-
thermic reactions.

Contributions to the increase in electron density result-
ing from changes in the rate coefficients for dissociative
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Fig. 4. Laser spectra for a power deposition of 100 and 250 W /cm ™ using
the conditions of Fig. 2. The spectrum for 100 W /cm™? is representative

of low-power pumping; that for 250 W /cm™? is representative of high-

power pumping. The 1.73 and 2.03 um transitions share the same upper
laser level. As the rate of electron collision mixing increases with in-
creasing energy deposition and the net gain approaches threshold, the
2.03 pm transition, which has the higher oscillator strength, begins to
dominate over the 1.73 pm transitions.

recombination k, and dimerization k,, are shown in Fig.
3(a). Here, results from the simple scaling from (2) are
plotted. The topmost curve shows the electron density,
scaled by its value at 300 K, as a function of energy load-
ing for a power deposition of 250 W /em ™. The lower
curve shows the same quantity while having k, remain a
constant independent of temperature. The increase in
electron density which can be attributed to the decrease
in k, is roughly equal to that which results from the de-
crease in the rate coefficient for dimerization. The change
in the latter’s value, however, significantly increases the
fraction of positive ions which are monomers, also shown
in Fig. 3(a).

At high values of power deposition (=250 W /em™?),
the laser spectrum remains nearly constant with increas-
ing energy loading up to the termination of the laser pulse.
At lower values of power deposition, the electron density
does not exceed ., however ECM and the increase in the
rate of endothermic heavy particle quenching collisions
cause a change in the spectrum of the laser, as shown in
Fig. 4. As the electron density increases and net gain de-
creases, the 1.73 um transition loses power to the 2.03
pm transition with which it shares the 5d[3/2], upper
laser level. This spectrum corresponds to that one would
obtain at low-power deposition and low gain where, due
to its higher oscillator strength, the 2.03 pm line domi-
nates.

V. HyDrRODYNAMIC EFFECTS

Since the energy deposition at which laser oscillation is
quenched depends on the specific power deposition
(W/ cm® - atm), the change in gas number density caused
by gas convection driven by gas heating plays an impor-
tant role in determining the laser dynamics in real sys-
tems. In this section we will discuss the effect of gas con-
vection caused by gas heating on the spatial distribution
of laser intensity in the atomic xenon laser.

The system we are modeling is patterned after the
HAWK laser facility at Sandia National Laboratories [8],
[9]. HAWK is a longitudinally pumped A-type e-beam-
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excited laser [8], [9], [17]. The beam voltage is 1 MeV,
the gas pressure is 1 atm, the gain length is 50 c¢m long,
and the diameter of the cylindrical gas cell is 3.3 cm. The
beam current injected along the axis of the gas cell may
be varied to yield an average power deposition of =<1
kW /cm ™ for times of =< 1 ms. (This power is the average
value for a diameter of 1.8 cm centered on the axis. The
peak power on the axis, as discussed below, is higher.)
Due to the longitudinal pumping geometry and radial
symmetry, the power deposition remains nearly constant
even if rarification of the gas occurs which reduces its
stopping power. This results from the fact that the lower
gas pressure at axial locations closer to the source of the
¢ beam allows more beam current to penetrate to the local
position. The lower stopping power which results from a
lower gas density is therefore compensated by a higher
beam current. The radial distribution of power deposition
may be closely approximated by

P(r, 1) = Po(t) exp [~ (r/r0)’] (6)

where Py (1) is the power deposition at the center of laser
chamber tube and ry is 0.63 cm. This distribution results
in there being 0.4 of the power deposited in the central
0.45 cm radius.

The computed spatial distributions of gas number den-
sity, gas temperature, and laser intensity at various times
during the pumping pulse (duration 1 ms) for an average
power deposition of 500 W/cm"3 are shown in Fig. 5.
The temporal profile of the total laser power is shown in
Fig. 6 for the same conditions. For these results, we have
assumed that the optical mode is unaffected by changes in
index of refraction of the gas caused by convection. The
profile for the gas temperature closely follows that for the
power deposition. The gas heating initiates convection
from the highly pumped region which begins on the time
scale of 100’s of us, thereby rarifying the gas near the
axis. The combined effects of the increase in gas temper-
ature and rarification result in an increase in fractional
jonization. As n, is approached and exceeded laser effi-
ciency begins to decrease. Efficiency decreases first on
the axis and later on the periphery due to the Gaussian
distribution of pump power, which is peaked on axis. The
position corresponding to the peak laser intensity there-
fore gradually shifts from the axis to outer radii [see Fig.
5(c)] while the integrated laser power decreases (see Fig.
6). At 600 s oscillation is quenched on the axis and the
laser spot becomes annular. Although the total laser out-
put power from the aperture monotonically decreases,
laser oscillation does not terminate during the 1 ms pump
pulse due to there being weakly pumped regions at large
radii.

The laser power and spatial intensity distribution are,
logically, functions of the power deposition profile. When
using a square or top-hat deposition profile having the
same average power, the laser pulse terminates prior to
when the power.deposition profile is Gaussian (see Fig.
6). This effect results from there not being weakly pumped
regions at large radii when using the top-hat profile. The
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Fig. 5. Typical spatial distributions of (a) gas density, (b) gas tempera-
ture, and (c) laser intensity for an average power deposition of 500
W /cm” at various times during a | ms pumping pulse. The gas pressure
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Fig. 6. Time dependence of the spatially integrated laser power for the
conditions of Fig. 5 using a Gaussian power deposition profile, and for
using a square or top-hat profile. Laser power decreases at late times due
to increasing amounts of electron collision quenching. The low laser
power at late times using the Gaussian pulse results from weakly pumped
regions at large radii, which do not exist using the top-hat profile.

spot therefore remains circular and does not take on an
annular shape, until very near total quenching, as shown
in Fig. 7. Experiments have been performed on the
HAWK facility during which the laser pulsewidth was
measured as a function power deposition. Results of the
experiments and values calculated by the model for the
FWHM of the aperture integrated laser power are shown
in Fig. 8. The laser oscillates for the entire pumping pulse
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a square or top-hat power deposition profile. The conditions are other-
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6.
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Fig. 8. Laser pulsewidth (FWHM) as a function of average power depo-
sition using a 1 ms e-beam pulse calculated with the model and from
experiments of Patterson er al. [9]. The conditions are the same as for
Fig. 5 and correspond to those used in experiments conducted on the
HAWK laser facility.

for average power depositions of <200 W /cm *. At
higher power deposition, the laser prematurely terminates
due to excessive ECM. The model agrees well with the
experiment over the range of power deposition.

The maximum attainable laser power logically in-
creases with increasing power deposition. The peak ap-
erture integrated laser powers during the pumping pulse
for the conditions of Fig. 8 are shown in Fig. 9. Given
the decreasing length of the laser pulse but increasing peak
laser power obtained with increasing power deposition,
the total laser energy and laser energy efliciency will not
similarly scale. The total laser energy reaches nearly a
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Fig. 9. Laser parameters for the conditions of Fig. 5: (top) Laser encrgy
efficiency (laser output energy-total energy deposition) for a 1 ms e-beam
pulse; and (bottom) maximum laser power and total laser energy. Ex-
perimental results from Patterson ez al. ([8] and [9]) are shown for com-
parison. The results of the model were normalized to account for pos-
sible differences in pump profiles. The model predicts a high total laser
energy by approximately 50%. Although maximum laser power in-
creases with increasing power deposition, the laser energy reaches a
maximum value at lower power deposition. The result is that the laser
energy efficiency maximizes at lower values of power deposition.

maximum value at =400 W /cm™ and is then almost

constant at higher power depositions, as shown in Fig. 9.
Experimental results from Patterson et al. are also shown
[8], [9]. The model and experimental results were nor-
malized to account for differences in power deposition
profiles and agree well for scaling to lower powers.

The total laser energy efficiency (laser output energy-
total deposition) depends upon the format of the power
deposition. For example, continuing to pump after the
laser terminates decreases the laser energy efficiency. For
the experimental conditions we are simulating, a 1 ms
pumping pulse length, the laser energy efficiency reaches
a maximum value at = 150 W /cm™ and then decreases
with increasing power deposition due to continued pump-
ing after termination of the laser pulse. Tailoring of the
pumping pulse to a length not exceeding the maximum
laser pulse length is required to maximize the laser energy
efficiency.

IV. CONCLUDING REMARKS

The effects of high-energy deposition (100’s of J/L -
atm) on the performance of high-pressure xenon lasers
have been examined by computer modeling and compar-
ing to experimental results. The dominant effect of high-
energy loading is gas heating, which increases the elec-
tron density by reducing the rate of formation of dimer
ions and reducing the rate constant for dissociative recom-
bination of dimer ions. As a result of there being a critical
electron density above which laser oscillation is quenched
by electron collision mixing of the laser levels, laser per-

formance degrades with increasing energy loading even
though the power deposition remains constant. This effect
results from the electron density approaching and sur-
passing the critical value. Nonuniform pumping over tens
of 100’s of us may result in convection, rarification, and
an increase in the fractional ionization of the gas. If as a
result the electron density exceeds the critical value, laser
oscillation may locally terminate. The maximum energy
deposition above which oscillation is quenched by elec-
trons decreases with increasing power deposition since the
fractional increase in electron density required to exceed
the critical value is smaller. These results demonstrate that
laser energy, power, laser energy efficiency, and laser
power efficiency may not necessarily be separately optim-
ized. Careful tailoring of the pump pulse is required to
optimize one or all of these parameters.
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