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The energy splitting between B(1/2) and C(3/2) excimer states in xenon chloride has been determined by
comparing the thermal equilibrium intensity ratio of the broadband C(3/2)—4 (3/2) fluorescence emission at
340 nm to that of the narrowband B(1/2)—X(1/2) fluorescence emission at 308 nm. The formation of the
excimers is initiated via two-photon ionization of Xe atoms in the presence of Cl, and an Ar buffer. The room
temperature equilibrium intensity ratio I. ,/I;_, is found to be 0.154-0.01. Using the Einstein 4
coefficients calculated by Hay and Dunning for these transitions, the energy splitting E. — E, is determined
as (5.44-25) cm . Strong emission from the triatomic species Xe,Cl was also observed.

A great deal of attention has recently been focused on
the C(3) state in xenon fluoride due to the discovery!~3
that this state actually lies about 700 cm™! lower in ener-
gy than the B(z) state, which is the upper laser level
in the XeF 351 nm laser. This discovery has important
consequences to XeF uv laser efficiency and scalability.
In addition, it hasled to the dramatic development of a
new visible laser system® operating on the C($)-4(3)
transition in XeF at around 470 nm. In this work, ex-
perimental results on the splitting between the B(3) and
C(2) states in the xenon chloride molecule are reported.
This study was motivated by the fact that if the C(3) state
were to lie sufficiently below the B() state in XeCl,
then a new laser operating on the C(3)-A(@) in XeCl at
340 nm would be possible.

The experimental technique used was similar to that
used in Ref, 1 to measure the B-C state splitting in
XeF. An argon fluoride laser, operating at 193 nm,
was used to excite mixtures of Xe and Cl, in an Ar buf-
fer. Fluorescent emissions from excited XeCl mole-
cules were observed using a 0.3 m spectrometer which
could be equipped with either an optical multichannel
analyzer (OMA) for recording time-integrated spectra,
or with the normal slit and photomultiplier tube ar-
rangement for recording time-resolved signals.

The kinetic chain leading to these emissions was
initiated via two-photon ionization of the Xe atoms

Xe+ 2hv(193 nm) ~ X&' + ¢, (1)

Typical experimental conditions with an xenon density
of 5x 10'7 cm™® and a focused laser intensity of 10 w/
cm’ resulted in an estimated ion density of 5% 10" em™®
using the two-photon ionization cross section derived
earlier.!'®

Absorption of the laser radiation by the argon and
chlorine constituents of the mixture was insignificant.
The lowest order absorption process in Ar at 193 nm
would be nonresonant three-photon ionization, § which
may be neglected. From the data of Seery and Britton, !
we may estimate that the cross section for single-photon
absorption in Cl, at 193 nm is less than 10°2! cm®, Thus,
for the typical Cl, densities used in these experiments
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of ~3x10% cm™, attenuation of the laser beam by Cl,
absorption was not significant. However, the absorp-
tion process in Cl, leads to dissociation, ¥ and at laser
intensities of 10'° W/cm?, several percent of the Cl,
molecules in the laser focus region are expected to be
converted into atoms. This fact would have to be con-
sidered in rigorous kinetic studies, but has negligible
influence on the results obtained here.

The XeCl* excimers were subsequently formed in the
presence of an argon buffer in the reactions

k1 -
e +Cl, — CI"+Cl, (2)
Cl +Xe' + M -4 XeCl* + M, 3)
a2
Xe' +Ar+M — XeAr* + M, (4)
XeAr® +CI” % XeCl* +Ar, )
XeAr* + e'ﬂ Xe* + Ar, (8)
R,
Xe* + Cl— XeCl* + Cl, (1)

Contrary to the results of Kligler et al.! for XeF, the
temporal behavior of the XeCl emissions did not follow

a simple ion—ion recombination law. For this reason,

it is felt that most, if not all of the reactions [ (2}~ (7)]
were operative in this experiment, The rate constants
ky—k, are either known, or may be estimated: k4 =3.1

x 107 ¢m®/sec for electron and gas temperatures of

300 K,® 2;~1.0x 10"%® cm®/sec by analogy with theoreti-
cal calculations® for Xe' + F~ +Xe, oy~ 10°% em®/sec by
analogy with several similar reactions,'® %, ~ 10°% cm®/sec
by analogy!! with Ar} + F, k3~ 10°® cm®/sec by analogy'?
with Xej + ¢, and k,="7.2x 107! cm®/sec.!® A simple
analysis using these rates, Ar pressures in the range
10-1000 Torr, Cl, pressures in the range 0.1-2 Torr,
and Xe pressures in the range 10-200 Torr, shows that,
in general, none of reactions (2)-(7) may be neglected.

In spite of the somewhat complicated formation ki-
netics, it was possible to make a measurement of the
B-C state energy separation in XeCl. The basic as-
sumption we make is that once they are formed, for a
sufficient buffer gas pressure (greater than ~ 1 atm), the
electronic distribution in the excimer states relaxes to
a 300 K Boltzman distribution before they radiate. From
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FIG. 1. Fluorescence spectrum from ArF* lasers excited
Xe/Cl, mixture. Xe pressure is 200 Torr. Cl, pressure is
0.050 Torr. Three emission bands are observed: XeCl (B—-X)
at ~ 308 nm, XeCl (C-A) at ~340 nm, and Xe,Cl* at ~470 am.

the ratio of fluorescence intensities in the narrow B-X
band to that of the C-A4 band, the energy splitting may
then be obtained. It has been pointed out by Julienne
and Krauss'4 that the C~A and B-A emission bands in
the RGH excimers overlap, and this fact must be in-
cluded in the analysis. We therefore write!*

I/1,= (Aca/Apx)8 + Ap4/Apx, (8)
0 =exp| - (Ec ~ Eg)/kT]. (9)

In these experiments, I, and I, represent the equilibrium
fluorescence intensities for the C-4 (plus B-A4) and B-X
emission bands, respectively; Ac,, Apy, and Ap repre-
sent the Einstein A coefficients for the C-A, B-X, and
B-A transitions, respectively; E; and Ez represent the
electronic energies for the C and B states, respectively;
and kT is the thermal energy.

Figure 1 shows a typical OMA fluorescence spectrum
from a laser excited Ar/Xe/Cl, mixture. Three emis-
sion bands are prominent in this spectrum. The narrow
emission band at 308 nm is from the XeCl B~X transi-
tion, the weak broader band centered at ~ 340 nm is from
the overlapping XeCl B-A and C-A transitions, while
the very broad band at ~ 470 nm is from the triatomic®®
species Xe,C1*. Fluorescence spectra were taken for
fixed Cl, and Xe pressure, with varying Ar pressure.
Because the quantum efficiency of the OMA detector
varies significantly in the 300-400 nm spectral region,
it was essential to calibrate the relative spectral sensi-
tivity of the detection system using a tungsten—-halogen
standard lamp. Prior to further analysis, the laser
excited spectra were first adjusted to account for the
sensitivity variation.

The 340 and 308 nm emission bands were then each
integrated over their full spectral widths. The result-
ing intensity ratios I,/I, are plotted versus argon pres-
sure in Fig. 2 for several partial pressures of chlorine.
The asymptotic ratio is found to be 0.15+ 0.01. Using
the Einstein A coefficients calculated by Hay and
Dunning®® of Agy =9.3x 107 sec’!, Acy=8.1x10°% sec’!,

2627

and A,;A:GXIO6 sec’!, we obtain the energy splitting
between the B and C states, Eq—Ez= (5.4+25) cm™,
Thus, this experiment places the C and B states in
XeCl at essentially the same energy, withinapproximately
25cm™l. Tellinghuisen17 has observed that this intensity
ratio inXeCl increases with temperature, conclusively
demonstrating that the C state lies higher in energy than B,
His preliminary estimate is E; — Eg <100 cm™!, Bothof
these results disagree somewhat with the results of Bra-
shears and Setser, 18 which if combined with the Julienne
and Krauss!analysisgive E; — Eg = (~ 170+ 30)cm™!, How-
ever, the functional form of the behavior of the fluores-
cence intensity ratio versus P(Ar)! found by Brashears
and Setser'® is quite similar to the results shown in
Fig. 2. They were able to interpret the minimum in
this plot in terms of competition between vibrational
relaxation in both the B and C states and B-C state
transfer.

Thus, the energy splitting between the B(3) and C(3)
states in xenon chloride is not such that stimulated emis-
sion may be readily produced on the C(3)-A(3) transi-
tion at 340 nm. Collisional coupling of the two close
levels will lead to efficient extraction of the C(3) state
population on the high gain B(z)-X(3) transition.

These results on the B(3)-C(3) state splitting in XeCl
are consistent with a configuration interaction inter-
pretation19 of the discrepancy between theoretical'® and
experimentall':i results on the energy ordering of the
excited states of XeF. In this model, configuration
mixing between the B(z) and X () states leads to the
relative increase in the B(z) state electronic energy,
as well as the binding (~ 1200 ¢m™) in the X () state,
Configuration mixing between the C(3) and A4 (3)states
is weaker, with the net result that the B(3) state lies
about 700 em™! above the C(3) state in XeF. These same
configuration mixing effects appear to play a somewhat
smaller role in the structure of XeCl. The binding en-
ergy of the X (3) state in XeCl is? only ~ 280 cm™!, and,
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FIG. 2., Ratio of 340 nm band to 308 nm band fluorescence in-

tengities in ArF* laser excited XeCl* plotted vs argon buffer
gas pressure. Xenon pressure is 15 Torr. Boxes are data

for 1 Torr Cl,, triangles are data for 0.5 Torr Cl,, and circles
are data for 0.1 Torr Cl,.
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as has been demonstrated here, the B(3) and C(3) state
energy ordering is in agreement with theory, 18 put is of
a much smaller magnitude (~25 cm™ experimentally as
opposed to ~ 560 cm™! theoretically).
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