VOL. 23, NO. 5, MAY 1985

AIAA JOURNAL 741

Multiline Model for the e-Beam Pumped XeF(B-X) Laser

Tien Tsai Yang,* J. A. Blauer,t C. E. Turner Jr.,1 and D. A. Copelandt
Rockwell International/Rocketdyne Division, Canoga Park, California

A multivibronic-line, rate-equation model for prediction of e-beam pumped XeF laser performance is de-
scribed. It self-consistently treats the temporal evolution of the gas and electron temperatures as well as the den-
sities of atomic and molecular species, electrons, and several laser transitions. By correlating species density
calculations with observed narrowband absorption data in Ne/Xe plasmas and by invoking certain physical con-
siderations, it is shown that the strong narrowband (AX ~ 2 nm) absorption near 351 nm can be reasonably cor-
related with a neon excimer species. By judicious adjustment of selected rate constants within their range of
uncertainty, it has been possible to obtain good agreement with experimental data on pressure- and mix-
dependent fluorescence efficiency and also temperature- and wavelength-dependent absorption and small signal
gain over a wide range of medium operating conditions. Subsequent predictions of temperature dependent laser
efficiency and spectra are found to be in good agreement with available data.

1. Introduction

UE to their demonstrated high efficiency and potential
scalability to large volume and power levels, there has
been much recent interest in the rare-gas halide lasers. Among
the more efficient of these systems, the xenon fluoride laser
exhibits the longest operational wavelength region (351-353
nm), which makes it attractive for several engineering applica-
tions of current interest that require good optical beam qual-
ity. Since the most judicious path to an understanding of the
factors that affect parameter optimization and performance
scaling requires a fundamental understanding of the laser
medium, much effort has been expended to obtain the needed
kinetic and spectroscopic parameters.!® The underlying
kinetic mechanism that controls the characteristics of the XeF
laser has been discussed briefly by several authors.!* A
schematic of the more important energy chains of the pro-
posed pumping mechanism is illustrated in Fig. 1. Once it is
-formed, the XeF* is subject to two- and three-body quenching
by heavy particles and electrons'-#12:17 and to collisional inter-
conversion between the B and C electronic states,%10:13.19.35.41
It is thought that the operative termolecular quenching pro-
cesses may involve the formation of triatomic exciplexes.!6
Several radiative processes are also believed to strongly affect
the characteristics of this particle laser system. Notable among
these are the radiative transitions involving the homo- and
heteronuclear rare-gas diatomics (Xe,*, NeXe*, Ne, *) and the
diatomic and triatomic rare-gas fluorides [NeF*, XeF* (B-X),
XCZF*, CtC.]3’10’11’25’26
XeF laser oscillation is known to involve several competitive
spectral transitions, each with its characteristic bandhead fre-
quency.20:21.28.31 Previous modeling efforts for this and other
similar rare-gas halide laser systems, however, have usually
assumed single-line operation in an effort to characterize the
gross laser energetics in terms of a single effective transition
with homogeneously saturating gain. This approach has
limited validity and interpretative difficulties, especially for
the bound-bound systems (XeF and XeCl).!:2:4.32.33,50
Although simple improvements to this approach have permit-
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ted some qualitative aspects of spectral mode competition in
gain media to be investigated, the quantitative aspects of the
problem are relatively untouched.?* To describe the spectral
and thermal characteristics of the XeF laser more realistically,
and to gain a more thorough understanding of the associated
molecular and laser physics, we have assembled a comprehen-
sive multiline model that describes the transient behavior of e-
beam pumped plasmas derived from Ne/Xe/NF;/F, mixes.

The model treats the detailed temperature, pressure, and
spectral dependence of medium gain, absorption, and laser
performance. Excited XeF molecules are assumed to form in
high-lying vibrational states by both ionic and neutral particle
interactions. The details of the subsequent vibrational relaxa-
tion and related B-C state interconversion processes that pro-
duce the active lasing states are treated by means of the very
compact exponential gap formalism developed by Dreiling et
al.* for the very similar XeCl system. In applying this model
to the XeF molecule, we find only minor parametric ad-
justments to be necessary.

Theory and experimental data were used in concert to
estimate the critical rate parameters and absorption cross sec-
tions required by the model. As an example of our approach,
we have compared the model predictions to the published
medium absorption results of others.!*!¢ This comparison
permitted the consistent evaluation of the required absorption
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Fig. 1 Major energy channels to upper state laser level of e-beam
pumped Ne/Xe/NF; mixtures.
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cross sections. Similarly, comparisons of the model to
fluorescence data® permitted a more thorough understanding
of certain aspects of the major pumping chains, see Fig. 1.
Also, comparisons to published gain data!* permitted the
development of a more consistent model of the vibrational
energy exchange within the B-state manifold.

The model has been found to be a very useful tool for map-
ping the performance characteristics of laboratory and scaled
e-beam pumped XeF lasers for both free running and injected
operational modes. However, the evolving nature of such
models is acknowledged and, indeed, we are continually im-
proving its capabilities. Examples of such improvements
already accomplished are the incorporation of a self-
consistent Maxwellian secondary electron energy model (not
clamped at 1 eV as was typical of earlier models of several
groups) and a more realistic model for the pump mechanisms
of the lasing states.

In Sec. II, the spectroscopic model, reaction rate model,
and energy balance equations are described. Results are
discussed in Sec III and a summary is included in Sec. IV.

IL. Analytical Model

Spectroscopic Model

Tellinghuisen et al.?® have accomplished an in-depth
analysis of the fluorescence spectra of the XeF molecule and
the constants derived are utilized in the model development
described herein. The potential energy diagram derived from
these and the results of others®%36 is illustrated in Fig. 2.

The gain at line center for individual rotational lines was
computed via the form

S(J',J")
gc (wc) =i¢c__(—-—f(u J/ ” JI/ )
8wc
[ ! XeF(B ! XeF(X ] (1
X Z_J_’_—lj[ eF( )]v',J'*m[ eF(X)1 7 jo )

where {3 is the isotopic abendance, S(J’,J”) the line strength
function,’? 7 the radiative lifetime, and w, the frequency at
line center. The Franck-Condon factors, f(v’,J’,v”,J") are
those given in Ref. 28, and the line function ¢, is in its
pressure limit, i.e.,

=VT/nPay, )

where ay is the half-width half maximum (HWHM) broaden-
ing constant.

The gain is averaged over a suitable bandwidth by means of
the following term:
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Fig.2 Schematic of XeF potential energy diagram showing principal
laser transitions.
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where £is the e and f series (components of doublet), J” the X-
state rotational angular momentum (excluding electron spin),
m the P and R branches, Aw the spectral bandwidth, and b,
the half width at half maximum (HWHM).

The gain is also summed over the contributions of different
vibrational transitions where appropriate, and the several
isotopes of xenon. A similar approach is used to evaluate the
dispersion at high resolution (Aw—0). Samples of synthetic
gain and dispersion spectra, which are based upon a simple
steady-state model,** are shown in Fig. 3. With the assump-
tions of rotational equilibrium and normal homogeneous
saturation, the lasing wavelengths are simply the spectral posi-
tions of maximum gain within each of the principal transition
regions, i.e., in air: A\, ~3511 A for (l -4) band, A, ~3512 A
for (0-2, 1-4) overlapped. bands, and A; ~3532 A for (0-3)
band.

Reaction Rate Model

Pumping Reactions for the Upper Laser Level

In electron-beam pumped Ne/Xe/NF, or Ne/Xe/F, mix-
tures, the energy is deposited in the gas principally as elec-
tronic excitation and ionization of Ne and Xe. The energy is
channeled from these species to the upper laser level of the
XeF molecule by means of a series of chemical and physical
processes,® see Fig. 1.

We have assumed that both the ionic and neutral pumping
channels have a branching fraction of unity to the XeF(B)
state, i.e., no direct XeF(C) production. This branching
assumption is not critical to our model at high pressures where
transfer between the B and C reservoirs (Fig. 4) is rapid.?
However, the actual branching fraction for each formation
reaction remains uncertain and, therefore, so does the
pressure and mix dependence of the total effective branching
to XeF(B,R) and XeF(C,R). For example, the data of Finn et

al.® suggest a B-state branching fraction in excess of 75% for a
special mix at low pressure with e-beam excitation. However,
a simple theoretical argument given by Setser3? suggests values
nearer 50% when a photolytic pumping scheme* that
eliminates the ionic channel is used. In our model, we assume
that XeF(C) is formed strictly by collisional quenching or in-
terconversion from the B state.

Vibrational Relaxation

Dreiling et al.* have shown that for the similar molecule,
XeCl(B,v), the vibrational relaxation rate can be expressed in
the form of an exponential energy gap law. For XeCl these
authors found that for Ar bath gas, a value for the energy scal-
ing factor A~ 0.1 best fit the data. Using this value of A, it can
be shown that the average energy loss per collision is about
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Fig. 3 Sample calculations of anomalous dispersion and correspon-
ding gain spectra.
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2200 cm !, as the XeF* molecule begins the relaxation process
near its dissociation limit (D,~43,000 cm~!), where it is
assumed to be formed. It requires an average of 20 collisions
to reach the bottom of the B-state vibrational energy manifold
from which lasing can occur. This assumption is used to
estimate the production rate of the lower vibrational levels.

For vibrational relaxation near the bottom of the B- and C-
state manifolds, we assume the applicability of a simple energy
gap relationship and a rate magnitude similar to that reported
for XeCL»

Because of the small concentration of XeF relative to Ne in
a typical laser mix, we anticipate that v-v exchanges will, in
comparison, be of minor importance.

Collisional Mixing of XeF(B) and XeF(C) States

From state selective laser-induced fluorescence experiments,
Fisher et al.!' have shown that the C-state forms efficiently by
collisional quenching of the B state, i.e.,

XeFB,v")+M=XeF(C,v" )+ M “)

Brashears et al.®*! and others'>** have since determined the
rate of transfer at low v’ as induced by a number of collision
partners.

In their analysis of state-to-state relaxation processes in
XeCl, Dreiling et al.,3 found that B-C interconversion colli-
sional transition probability could be expressed in the follow-
ing form

kT (Ei+1
T _ CE¥ *
PU_—SE,- exp(—C-E*)dE )

where i and j specify the quantum levels of the B and C states,
respectively. See Ref. 35 for definitions and explanation.
Dreiling et al.?* estimated C ~0.15 for XeCl relaxation in Ne.

We find a better description of the available data for
XeF(B-C) interconversion is obtained for Cy.g ~0.10. Utiliz-
ing Eq. (5), we have estimated product distributions for (B-C)
interconversions as a function of the initial B-state vibrational
energy. The relevant data from which the parametrics of the
above model were derived appear'in Refs. 8, 10, 12 and 42.

For the (B-C) interconversion of XeCl in Ne, Dreiling et
al.>* show that the rate constants are about five times as effi-
cient at high v as at low v. A simple illustration of these inter-
conversion processes and how they relate to one another is
shown in Fig. 4.

In the derivation of rate parameters for individual product
channels, we take cognizance of the fact that the C state is
thought to be approximately 775 cm~! below the B state.36
For C-state molecules in their ground vibrational level, this
presents a substantial thermal barrier to the formation of the
B state. For more highly excited vibrational sublevels of the C
state, the reaction endothermicity decreases and the electronic
state interconversion becomes more probable.

Collisional Quenching of the Upper Laser Level

An examination of the low lying potential curves illustrated
in Fig. 2 reveals three paths for two-body XeF(B) deactivation
that are energetically accessible at ambient conditions, i.e.,

XeF(C) (6a)
XeF(BY+M XeF(A) ++M (6b)
XeF(X) (6¢)

Theory* and spectral structure seem to indicate that the X
state is the most likely terminal state and, since the subsequent
decay of the X state to free atoms is rapid, we, as most others,
assumed that free atoms are the result. The rate constants for
two-body collisional quenching are found in Refs. 8, 10, 11,
12, 41, and 42.
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At pressures typical of those existing in laser media (3-5
atm), three-body quenching processes will also be important.
Although the products of these termolecular reactions have
not been determined, we assume, as in Ref. 32, that they are
termolecular exciplexes, Xe,F* and NeXeF*. This aspect of
our model is based on the cpnsiderabie data available in the re-
cent literature concerning these processes.*4 ‘

Like their B-state analogs, XeF(C) moleculés are also effi-
ciently quenched by two-body collisional processes similar to
those given by Eq. (6). Our assumption that radiative decay to
XeF(X) is a path of minor importance is consistent with the
results of Hay et al.*® For termolecular processes of XeF(C),
we assume that the favored products are the termolecular ex-
ciplexes, as was assumed for the B state.

Energy Balance

Almost all of the reactions in the model depend upon the
temperature of the participating species. Hence, reaction
energetics, detailed balance, and energy conservation must be
treated systematically to obtain, via self-comsistent energy
balance, the electron and heavy-particle temperatures that are
assumed to be Maxwellian. We will briefly discuss below
species and energy conservation equations for both systems.

For the electron gas number density N, we have

AN, J
dt‘* =—e—Ea{r(E)N)\+Ne { Y kN - Ek,,N,,} +S,
N i a

where J is-the current density, e the electron change, o, the
ionization cross section for primary electrons of energy E, A
the index for primary ionization processes, N, the number
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density of molecules of species index A, &; and &, the rate con-
stants for secondary ionization and electron attachment pro-
cesses, N; and N, the number density of ionizing species and
attaching species, respectively, and S, the formation of elec-
trons by excited state interaction.

The equation that describes the time evolution of the
average electron energy N,{(u,) has the following form:

d J
— N (U, =— YU o (E)Ny =N, ({4, — ity ))
dt e

X Y kN — N1t ) (EkSNS ) ng,,) ®)

where u§° is the average energy of the ejected secondary elec-
tron for a particular ionization process A, {u,> and (u,) the
mean electron energy and molecular energy, respectively, &,
the rate constant for elastic collisions, & the rate constant for
electron energy relaxation due to inelastic scattering processes,
ke the energy relaxation rate constant for electron attachment
processes, and N, the number density of inelastic scattering
species.’!

The energy equation for heavy particles in e-beam pumped
gas at constant density can be expressed in the form

, dT dn;
Pyean = ;Nici—aT‘i' z’: thtl

3 d
+ —é_k_d?(Ne T)+P,+ P, )

where Py, is the total power deposition density due to the
high-energy electron beam, N; the molecular density of species
i, C; and h; the molecular specific heat and enthalpy, respec-
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Fig. 6 Computer simulation of absorption in Ne/Xe mixtues at 3511
A (experimental data from Ref. 14).
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Fig. 7 Absorption comparison for Xe/F, mixtures (experimental
data from Ref. 16).
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tively, T, the electron temperature, and k the Boltzmann con-
stant. The spontaneous emission power and lasing power per
unit volume are given by P, and P, , respectively.

The resulting temperature-dependent rate equations are
solved simultaneously with the species equations. This pro-
vides a greater degree of accuracy than would be possible if
constant temperatures were assumed, especially for high total
energy deposition conditions and during beam pump
transients.

III. Results and Discussion

Absorption Modeling

The lasing efficiency of e-beam irradiated plasmas produced
from Ne/Xe/NF; mixtures is known to be affected
significantly by the presence of medium absorptions, both
broad- and narrowband.!* Our approach to an understanding
of this effect involves the progressive analysis of results per-
taining to increasingly complex mixtures. In this view, absorp-
tion data for pure neon plasmas were used in tandem with
species densities given by model calculations to obtain
estimates for the cross sections of the few molecular species
known to be present in the medium, i.e., Ne; and Nej. Com-
parisons between the model and absorption data for binary
Ne/Xe plasmas were used in the estimation of cross-sectional
data for the additional species present therein, i.e., basically
NeXe*, Xes, Xes, and NeXe*. Similar comparisons for data
pertaining to Xe/F, and Ne/NF,; plasmas were used to con-
firm the results previously obtained and to obtain an estimate
for the cross section of F3. Finally, the estimated values of all
the cross sections were confirmed by comparisons between the
model and absorption data for Ne/Xe/NF; and Ne/Xe/F,
plasmas with potential for XeF(B-X) laser action.

In developing our approach, we recognize the early data-
model correlations of Finn et al.,?> who identified Nes as the
most likely candidate for explanation of the narrowband (351
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Fig. 8 Computer simulation of absorption in optimum Ne/NF; mix-
tures at 3511 A (experimental data from Ref. 14).

0.3% F,, 99.7% Ne
102 |- A = 3400 A
— COMPUTED FIT
& ® MEASURED
o
>
=]
T
o
g
[%2]
o
E
° o ® /
0 T ) i 4 | L] b
0 1 2 3 4

TOTAL PRESSURE, ATMOSPHERES

Fig. 9 Absorption comparison for Ne/F, mixtues at 3400 A (ex-
perimental data from Ref. 16).



MAY 1985

nm) absorption characteristics of Ne-based plasmas. Later
Champagne'* identified a collection of three excited atomic
transitions between 351 and 352 nm as the more likely ex-
planation. Although our model, as it is now constituted, could
not definitively distinguish between explanations based upon
absorptions by Ne* annd Nej, we note that the absorption
bandwidth observed by Champagne'* for pure Ne plasmas,
approximately 20 A full width half maximum (FWHM), ap-
pears inconsistent with the expectations for simple atomic ab-
sorptions, see Fig. 5. In this regard, simple collisional or
resonance broadening of an atomic line in the spectral region
of interest can account for at most only a small fraction of the
observed effect (~0.01 A). Conversely, although other colli-
sional mechanisms (e.g., noncentral collisions) do exhibit
broadening widths of the magnitude seen, they are secondary
effects of minor magnitude confined principally to the weak
wings of a spectral line. These apparent inconsistencies led us
to examine Nej as the principal absorber in the 351-352 nm
spectral region for pure neon plasmas.

Typical comparisons between model predictions and
published absorption data are found in Figs. 5-9 and Table 1.
Predicted species densities for a series of Ne/Xe plasmas are il-
lustrated in Fig. 10. These predictions, when considered in
tandem with the corresponding absorption data in Fig. 6, sug-
gest that as Xe is added to the plasma, strong narrowband ab-
sorption by Nej or Ne* is replaced by less absorptive forms,
i.e., by NeXe*, Xe;, and Xes3.

A normalized comparison between optical densities observ-
ed for Ne/Xe plasmas!* and the species densities for Ne* and
Nej given by the model when exercised with published rate
data’ is given in Fig. 11. Although this comparison shows a
close correspondence between the optical density and the com-
puted Ne* density, it ignores the increasing concentration of
Xe-based absorbers as this component is added to the plasma.
Itis for this reason that the Nej (O, 1u) profile actually gives
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a better description of the narrowband absorption. We note
that a kinetic accounting for the Ney* (O)) state is also made
in the model formalism. The reason that the Ne3 density falls
more rapidly than that of Ne* as xenon is added to neon (Fig.
12) is that Penning ionization processes affect both the forma-
tion and loss of Ne3. Penning ionization of Xe by Ne* reduces
the Ne* concentration and thereby slows the main formation
rate of Ne3. The quenching of Nej is not only through the
Penning ionization of xenon but also, more importantly, via
dissociative superelastic collisions with secondary electrons
whose density is significantly increased by the Penning pro-
cesses in the Ne/Xe plasmas. ) :

Fluorescence

Medium fluorescence yield for the XeF transitions (B—X)
and (C—A) has been measured by Finn et al.? for laser mix-
tures of Ne/Xe/NF; at constant partial pressures of 6 and 2
Torr for Xe and NF;, respectively. The measurements were
taken at 300 K for several neon diluent pressures. The original
inverse of the absolute fluorescence yields of B and C of Ref. 9
were combined and converted to total fluorescence efficiency;
the results are shown in Fig. 12. The predicted values are in-
cluded in this figure for comparison. The' dependence of
fluorescence on neon pressure has been well reproduced.
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Fig. 12 Fluorescence efficiency comparison (experimental data from
Ref. 9). ‘

Table 1 Observed and computed medium absorption for Ne/Xe/NF; mixtures

Mixture ratio

Absorption, cm !

Ne/Xe/NF, Density, Amagat Temperature, K Experimental Calculated Data source
0.9974/0.002/0.006 4 293 0.001 ~ 0.0010 NRL!*
(at 364 nm)
0.993/0.005/0.002 2 300 0.002 0.0009 AVCO*?
(at 340 nm)
0.993/0.005/0.002 2 450 0.0013 0.0010 AVCOY

(at 340 nm)
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Fig. 15 Computed and measured efficiency comparisons (ex-
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Figure 13 shows a comparison of experimental and calculated
(B—X)/C—A) fluorescence yield ratios. At lower pressure,
the code underpredicts the ratio, whereas at higher pressure,
the calculated B/C ratio agrees fairly well with measured
values. The discrepancy of the pressure dependence trend may
be due to inadequate treatment of termolecular quenching
rates for XeF(C) by 2Ne or Ne + Xe, which have not been well
determined experimentally, or to an uncertainty regarding the
B/C state branching ratio of the formation step.

Small Signal Gain

The model was further verified by comparison to the
available data regarding medium small signal gain,'* see Fig.
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Fig. 17 Time-resolved laser spectrum.

14. The measured gain for Ne/Xe/NF; mixtures was obtained
for an NF; composition of 0.06%; a typical concentration for
optimum laser performance. Total pressure was 4 Amagat. At
room temperature, the measured gain at 3511 A was 0.0085
cm~! and, as temperature was increased to 423 K, the
measured gain increased to 0.0145 cm~ !, The measured gain
at 3532 A was 0.017 cm~! at room temperature and 0.016
cm ! at 423 K. The results computed by the code are included
in Fig. 14 for comparison. Satisfactory agreement is obtained
for a reasonable estimate of experimental uncertainty. Addi-
tionally, this comparison substantiates the magnitude of the
V-T collisional mixing and vibrational relaxation rate con-
stants used in the present analysis.

Laser Efficiency
The predictions of the model are in excellent agreement with

the measured temperature dependence of laser intrinsic effi-
ciency, as indicated in Fig. 15.48

Lasing Spectra

A time-resolved laser spectrum® is shown in Fig. 16. The
data demonstrate that lasing occurs simultaneously at both
351 and 353 nm throughout most of the pulse duration for the
conditions shown. This characteristic is reasonably repro-

"duced by the model prediction as noted in Fig. 17.

IV. Summary

The success of the present model in the various aspects
shown above gives reasonable confidence in using its predic-
tions with respect to temperature, wavelength-dependent
stimulated emission cross sections, absorption, gain, and laser
efficiency in order to interpret available experimental data and
to examine the role of various parameters on laser perfor-
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mance. We- expect this model to be a useful tool for
parameteric studies.
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