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Excimer lasers excited by electron or ion beams having energy deposition of 100's J// over
many microseconds experience a temperature rise of hundreds of degrees (X). The increase in
gas temperature may greatly impact both the kinetics and spectroscopic parameters. In this
fetter we discuss the high-temperature (<900 K) plasma kinetics and absorption in He and Ne
buffered gas mixtures for particle beam pumped XeF lasers. We find both gain and absorption
depend differently on gas temperature in these mixtures (absorption decreasing in He
mixtures, ncreasing in Ne mixtures }. The differences are attributed to a reduction in diatomic
absorbing species with increasing temperature and differcnces ir: the temperature dependence
of the optical absorption cross sections for NeXe' and Xe,' .

Excitation of excimer lasers with an energy deposition
of 100’s I/¢ results in gas heating of hundreds of degrees
(K }. As both the gas phase kinetics and spectroscopic pa-
rameters of excimer lasers are functions of gas temperature,
the dependence of these guantities on energy deposition is
important with respect o the efficiency of the laser. This is
particularly true for the XeF (£ X} laser (351 and 353 nm)
whose spectrum and efficiency are functions of the initial gas
temperature.' ™

In electron beam {e-beam) excited XeF(B-X) lasers,
neon or argon are typically used as the buffer gas dueto their
higher stopping power compared to helium. In fact, in ex-
periments where helium was added to neon buffered mix-
tures in an e-beam pumped laser, performance degraded.®
Nevertheless, helium buffered mixtures are interesting due
to their use in discharge lasers and in heavy ion excited sys-
tems where the lower stopping power of helium is not as
important a consideration. Also, in lasers pumped by fission
fragments (i.e., heavy ion excitation) fissile He is often used
as the buffer gas.” With equal power deposition, one should
expect similar XeF (B — X) laser performance in He buffered
gas mixtures compared to neon. Helium is less reactive than
neon in that there are no stable helivm analogs 1o NeXe*,
NeXe™, or Ne,F which either compete with XeF (2) forma-
tion, are quenching products of XeF (8}, or are absorbers. In
fact, itis generally assumed that HeXe™ is very short lived or
does not absorb at the laser wavelength, and therefore is not
included as an absorber in models of XeF(B-X) or
XeCHB - X) lasers.® An exception to these arguments is
that the net rate of guenching of XeF (&~ C) at room tem-
perature is approximately three times larger by helium than
by neon,” which may explain the detrimenta! effect of adding
helium to neon buffered mixtures in XeF lasers.” The ener-
gies of the He metastable and ion are higher than those for
Ne. One might then expect additional quenching reactions
of precursors to XeF by these species. Since the analogous
reactions with Ne are also exothermic, the differences in rate
constants are not likely to be farge.

Given the interest in high-encrgy deposition ( > 10051/
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&) in excimer lasers by either e-beams or heavy ions and in
the use of He as a buffer gas, in this letier we compare high
gas temperature (7, 5900 K) plasma kinetics and optical
absorption in Ne and He buffered gas mixtures for
XeF(B—X) lasers. This study uses results from a plasma
kinetics mode! for an XeF (B - X) laser which has been pre-
viously described.® We examine e-beam pumping at the same
power deposition for He and Ne buffered mixtures for per-
iods exceeding many microseconds where there is an in-
crease in gas temperature of 300-600 K. The nearly equiva-
lent performance of ¢-beam and heavy ion beam pumping
when compared on the basis of specific power deposition
enables this work to be applied to heavy ion pumped systems
as well.®

The first effect of increasing the gas temperature in e-
beam pumped plasmas results from heavy particle reaction
rate coefficients being functions of 7. Two-body rate con-
stants for exothermic processes typically scale as 7',/ % to ac-
count for the increase in thermal velocity. Rate constants for
exothermic three-body association reactions, though, typi-
cally have a negative temperature effect, scaling as T, ",
where 1.5<n<3.5.""? Therefore, one should expect a de-
crease in the relative number of, for example, diatomic ions
at higher 7,. This effect may be offset by the negative tem-
perature coefficients for the two dominant loss processes for
diatomic ions; dissociative recombination and ion-ion neu-
tralization. The rate coefficient for dissociation recombina-
tion typically scales as I — exp( - ¢,/k7 ), where ¢, is the
fundamenial vibrational energy.’” Positive ion-negative ion
neutralization typically scales as 7', '/°. ** These cited tem-
perature scalings were generally used in the model where for
three-body association resctions we used k~ 7"~ 1,

The gain and lasing spectra of XeF (B - X) are also
functions of gas temperature. Recent work by Burde et a/.”
examined the effect of increasing 7, on the distribution of
rotational and vibrational states in XeF(8) and XeF (X},
and on the dissociation of XeF(X,v). The change of the
dominant laser line from 353 nm (300 K) to 351 nm
(T, > 400 K) can be attributed to these changing distribu-
tions. Our model explictly includes the vibrational distribu-

© 1989 American institute of Physics 102

istribution.subject.to.AlR.license.or-copyright, see http:ffojps.aip.o rg-/ap-lgl-a’p-l-c rjsp



tions of XeF (#£,X) and the teroperature dependence of disso-
ciation of XeF{X,v) in the manner described by Blauer et
el and is able to reproduce the cited behavior. The tem-
perature induced change of population in rotational and vi-
brational states also affects the optical absorption cross see-
tions of molecular species, which is important since z large
fraction of the absorption in excimer lasers is from molecular
species. Although the dependence of these cross sections on
7, is not in general well known, theoretical and semiempiri-
L,al studies have been performed for the cross sections of
interest.>'> "% These values are listed in Table I with cross
sections used in the model for atomic species. Some of these
values were calculated assuming a vibrational distribution of
the absorber which is in equilibrium with the gas tempera-
ture. We acknowledge that these species may have nonequi-
tibrium distributions which could alier the cited tempera-
ture dependence. Mote that the absorption cross section for
Xe," decreases with increasing T, while that for NeXe™
increases.

We examined M /Xe/NF, == 99.38/0.5/0.125
{M = He or Ne) gas mixtures at 3 aum and with a power
deposition of 132 kW cm ™. These conditions (for Ne) cor-
respond to the experiments of Mandi and Hyman,'® and
Mandl and Litzenberger® with whom we favorably com-
pared to validate the model,® except that we extended the
pulse fength to 7.5 ps. For a total energy deposition of =900
I/¢, T, increases in both mixtures by ~580 K.

Our results are sensitive to the disposition of NF, with
respect to burnup, attachment, and reassociation. Experi-
ments indicate that NF, reassociates from NF, + F rapidiy
enough so that the halogen burnup observed in e-beam
pumped lasers using F, does not occur. '*?" We used the rate
constant k= 1.0X107* cm®s™' for NF _+F+ M
—NF, ., + M{x=1.2) for both M = Ne and He, as mea-
sured for M = Ar.>’ We estimated that k~ 7, *>. The rate
constant for dissociative attachment of NF; was obtained
from Ref. 22 (4107 % em®s™ ' at 1.5 eV), and 0.1 that
value was used for NF, and NF. Although it is known that
dissociative attachment may have a dependence on 7, this
function is not known for NF,, and was not included.

In Fig. 1 we show predicted absorption ¢ and net gain,
gy — a, for XeF (B X} in He and Ne buffered mixtures ex-
cited as described above. The gain in the He mixture is ini-
tially =0.75 that for the Ne mixture. The formation efficien-

TABLY 1. Absorption cross sections at 353 nm.*

Species Cross section {cm?} Reference
Ne# L9810 B, 3
Ne,! B20X 10 T L® 3,16
NeXe! 2.03x 1027 3
Ker 1.o0X 107 ™ 17.b
Xe,' 496X 1077, M 3,16
Ko+ 1.00x 1677 18
34 8.35x 107 W7, ™ 3
¥ 20 x1o " 19

N Tg = Gas temperature (K.
"fhe temperature dependence of absorption {from Xe¥ is not available;
however, its fractional contribution is small.
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FI1G. 1. Computed (a) net gain (g, — @} and (b) absorption {«) during a
7.5 us excitation pulse in an XeF (B - X) laser for 3 atm He and Ne buffered
gas mixtures (132kW/em?). The gas temperature is shown on the top scale.

cies for XeF(B) in each case, though, are nearly identical.
The differences in gain can be atiributed largely to the in-
creased net rate of quenching of XceF(B-»C) in helium
(3.0x10" cm’s™!) compared to mneon (1.OXI3™Y
em 7?57 ') Maximum gain is first at 353 nm and then, with
the increase in 7, changes te 351 nm. The overall decrease
and leveling in gain is due to a2 combination of some burnup
of NF, (=10%), an ma,rca%e in the rate of guenching of
XeP(B) due to the 7, 2 scaling of these coefficients, and
somewhat more favorable vibrational distribution for the
351 nm transition. At later times, gain in the He mixture
exceeds that for the Ne mixture. This condition results, in
part, from higher absorption in the Ne mixture (sec below).
Amnother factor is that with a higher rate of B—C mixing in
He mixtures, the reservoir of molecules in the (lower ener-
gy} C state is more accessible when 7, is sufficiently high to
compensate for the activation encrgy barrier (775 cm '),
Absorption in each mixture, initially the same, evolves
to be quite different. In the Me mixture, absorption increases
with gas temperature, while it decreases to a nearly constant
value in the He mixture. This behavior can be explained by
examining the ion and radical densities in Fig. 2, and the
fractional optical absorption in Fig. 3. The dominant ions in
the Me mixture are initially NeXe™ and Ne,' ; however later
in the pulse the dominant ion switches to Ne™. This change
to atomic ions results largely from the inverse temperature
dependence ( ~ 7' %) of the three-body association rate
constant. The F~ density also increases during the pulse
since ion-ion neutralization rate constants decrease with
temperature (~7',"?). The increase in F~, though, is
smaller than expected because the dominant positive lon
switches from NeXe™ to Ne™, whose ion-ion neutralization
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FIG. Z. Excited-state densities in (a} Ne and (b} He buffered gas mixtures

for the conditions of Fig. 1. Excited diatomic densities decrease due to asso-

ciation rate constants scaling as 7, *”. The F~ density increases due to

ion-ion neutralization rates scaling as 77, 2.

rate constant is more than twice as large. Similar trends are
observed in the He mixture.

The absolute and fractional densities of absorbing mo-
lecular species decrease in both mixtures during the pump
pulse. Accordingly, the density of atomic species which ei-
ther do not absorb or weakly absorb, increases. One would
expect, then, that optical absorption should decrease with
increasing 7,. This is, in fact, observed in the He mixture
where absorption decreases due to a decrease in the frac-
tional contribution of Xe,;" resulting from a smaller density
and cross section {see Fig. 3). This decrease in absorption is
somewhat offset by an increase in the density of F~.

In the Ne mixture, though, absorption increases with
increasing 7,. Absorption, initially dominated by F 7, is
shared nearly equally by NeXe™ late in the pulse (see Fig.
3). The increase in fractional absorption by NeXe™ with
increasing T, which accounts for the increase in fotal ab-
sorption, results from an increase in the absorption cross
section at 353 nm which more than compensates for the de-
crease in the absolute density of NeXe™. It has been recently
suggested that the N, buildup in NF, gas mixtures degrades
the laser performance by selective absorption by N,* at 353
an.” Our predicted maximum N, fraction is sufficiently
small that we do not believe N;" absorption is important.

in conclusion, high gas temperature (7, <900 Kj plas-
ma chemistry and absorption in the XeF (B - X) laser have
been investigated. The rate of quenching reactions generally
increases with increasing ¥, and therefore the small-signal
gain is reduced. The rate constant for ion-ion neutralization
decreases with T, so that the negative ion density and its
absorption should increase. The rates of three-body associ-
ation reactions, though, decrease with increasing 7, . There-
fore, diatomic excited species and ions decrease in both frac-
tional and absolute density with increasing gas temperature.
This change in the dominant ion affects the negative ion
density since the rates of ion-ion neutralization are functions
of species. In general, optical absorption should decrease
with increasing 7, since excited-state absorption is dominat-
ed by diatomic species. The temperature dependence of the
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FIG. 3. Fractional cumulative absorption in (a) Ne and (b) He buffered
gas mixtures for conditions of Fig. 1.

individual cross sections for these processes, though, may
dominate over their change in number density.
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