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QUENCHING KINETICS OF ELECTRON BEAM PUMPED XeCl
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The rates of several processes removing XeCl* subsequent to its formation by short duration electron beam excitation
of Ar/Xe/CCl, mixtures have been investigated. A dominant third-order reaction with Xe and Ar has been identified. The
effective radiative lifetime of XeCl* has been measured as 41 + 3 ns.

1. Introduction

There has been considerable interest in under-
standing the kinetic processes that determine the
operating characteristics of diatomic and triatomic
excimer lasers [1—3]. In particular, efficient scaling
of inert-gas halide lasers to high average powers re-
quires a detailed knowledge of the mechanisms re-

sponsible for the formulation and quenching of the up-
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Fig. 1. Schematic diagram depicting main energy flow path-
ways of electron beam excited Ar/Xe/CCl4 mixtures. k' and
k' denote two-body quenching by CClg, Xe and Ar of XeCl*
and Xe,Cl*. kq and k3 represent three-body quenching of
XeCl* via channels leading directly to Xe,Cl* [4] and
XeA1Cl* respectively.

per laser level. In a previous paper, the role of XeCl*
as a precursor in a reaction chain leading to the for-
mation of Xe,Cl* by three-body collisions has been
discussed [4]. In this work we report the identifica-
tion of another important channel of XeCl*, This
decay channel, which is illustrated in fig. 1, probably
involves the production of ArXeCl* as an inter-
mediate species. The rates of various other collisional
processes that result in the quenching of XeCl* are
also reported, together with an estimate of the effec-
tive radiative lifetime of XeCl*.

2. Experimental

The experiments were carried out in a stainless
steel cell attached to the field emission diode of an
electron beam accelerator (Physics International
Pulserad 110). A beam of 1 MeV electrons with a pulse
duration of 8 ns (fwhm) was injected transversely into
the reaction cell through a 50 um thick titanium
anode foil over an area of 1 X 10 c¢m, with a current
density of 2100 A/cm? at the optical axis. Details
of the apparatus and operating techniques have been
reported previously [4].

All of the measurements were made with computer-
aided instrumentation. Temporal behavior of the fluo-
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rescence was monitored with a fast photodiode (ITT
F4000-S5), and recorded with a transient digatizer
(Tektronix R7912), Interference/color glass filters
defined the spectral region of interest. Stmultaneous-
ly, time-integrated. spectrally resolved data were re-
corded with a calibrated optical multichannel ana-
lyzer (PAR OMALI). Both the OMA and the transient
digitizer were interfaced to a DEC PDP 11/23 muni-
coemputer system. Subsequent data reduction and
feature extraction were accomphshed with computer
routines developed for these studies.

In order to extract exponential decay constants
from the temporal data. a weighted least-squares pro-
gram [5] was wniten to determunc the best linear
relationship between the logarithm of the fluorescent
intensity and time. The program was wntten in such
a way that the decay constant could be determined
over any arbitrary uime mnterval. Therefore the depen-
dence of the time constant on reaction time could be
investigated.

3. Results and discussion

The temporal behawvior of the fluorescence,
emitted by XeCl(B — X) at 308 nm, following short
durauon electron beam irradiation of Ar/Xe[CCl,
ruxtures containing 2 atm Ar and 2 Torr CCly, was
found 10 be invanant whenever the partial pressure
of Xe in the mixture was greater than 50 Torr, The
mtensity of fluorescence emitted by such mixtures
rose rapidly to a maximum value, which was attamned
i 12—14 ns, and then decayed exponentially with a
time constant. 7. of =4 ns. The fluorescent profile
thus obtained was found to be very similar to the pro-
file of the current density in the reacuion cell, which
could be observed using a Faraday probe. When mux-
tures contaimng less than 50 Torr Xe were studied, a
somewhat dufferent fluorescent profile was cbtained.
The fluorescence emitted by such mixtures rose to
maximum wntensity at a rate samlar to that observed
when using ruxtures rnicher in Xe, but then it decayed
more slowly, with an exponential time constant that
increased as the partial pressure of Xe in the mixture
was lowered. This behaviour 1s illustrated in fig, 2,
which shows how the decay frequency, 71, varied
as the partial pressure of Xe was changed. For com-
parison, some results obtained when using mixtures
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Fig. 2. Decay frequency (+~1) of XeCl(B—X) fluorescence
plotted as a function of Xe partial pressure for muntures con-
tamung a fixed pressure of 2 Torr CCl,. Data represented by
o were taken using 2 atm Ar. Data represented by o were
taken using 8 atm Ar. Amphfied spontaneous emission ef-
fects are evident in these latter mixtures,

containing 8 atm Ar and 2 Torr CCl, are also in-
cluded. Super-radiant emussion was observed when
using some of these muxtures. This phenomenon could
be clearly recognized by the appearance of spectral
and temporal narrowing. The high decay frequency
recorded for the mixture containing 100 Torr Xe is
illustrative of the degree of temporal narrowing that
occurred. Unfortunately, the linear relationship that
normally exists between fluorescent intensity and
ermitter concentration is lost whenever super-radiance
occurs. Therefore, kinetic analysis was limited to ex-
periments performed using mixtures that contained

a low argon pressure, since super-radiant emission
tended to occur whenever the buffer gas pressure ex-
ceeded 3 atm.

The fluorescence data was analysized assuming
that XeCl* production occurred only for the dura-
tion of the electron beam pulse. At Xe pressures
greater than 50 Torr, quenching is sufficiently fast
that the fluorescence profile mirrors the XeCl* pro-
duction rate. At lower Xe pressures, the fluorescent
decay that occurs gfter the current density has de-
cayed effectively to zero is controlled by radiative
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and collisional quenching processes. Under these con-
ditions, the decay frequency, 71, is given by

—1= 1—;(11 + auEQ kQ Q] + aﬂEQ kQ,M [QIM]. (1)

where 7, is the effective radiative lifetime of XeCI*,
kq are the set of second-order rate constants for col-
lisional quenching by the components Q (Ar, Xe, or
CCl,) of concentration [Q], and kq  are the set of
third-order rate constants for three-body quenching
by Q in the presence of M, which in these experiments
consists principally of argon.

This interpretation is supported by the following
observations:

(a) The nsetume of the fluorescence, arbitrarily de-
fined as the time taken for the intensity to rise from
15 to 85% of 1ts maximum value, was found to be
relatively insensitive to the partial pressure of xenon,
nsing from 8 ns for muxtures containing 50 Torr Xe,
2 atm Ar and 2 Torr CCly, to only 9 ns for muxtures
containing 1 Torr Xe, 2 atm Ar and 2 Torr CCly.

(b) The current density profile was insensitive to a
change in Xe pressure from 1 to 50 Torr in mixtures
contaiming 2 atm Ar.

(c) The fluorescent decay that occurred after the
current density had effectively decayed to zero could
be well represented by a single-exponential decay con-
stant. If XeCl(B — X) had been generated by an inter-
mediate which itself decayed slowly with a time con-
stant 7', then the form of the fluorescent decay pro-
file would have been as given by the expression

I = Clexp(—tfr") — exp(—t/D)] , Q)

where [ is the intensity measured at time 7, Cis a con-
stant, and 7 is defined in eq. (1).

A detailed study of the quenching kinetics of
XeCl(B — X) was made using a number of different
muxtures all containming less than 25 Torr of Xe. Re-
sults obtained from many different cxperiments, each
performed using mixtures containing a fixed amount
of CCl, (2 Torr), are shown in fig. 3. In fig. 3, the
decay frequency, 71, is plotted as a function of
xenon partial pressure, The data points are grouped
according to the pressure of argon buffer gas present
in the mixture: experiments were performed using
mixtures containing, (a) 1 atm Ar, (b) 1.5 atm Ar,
(c) 2 atm Ar, (d) 2.5 atm Ar, and (¢) 3 atm Ar.

All of the data shown in fig. 3 can be fitted by the
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Fig. 3. Plot of the decay frequency (r~1) of XeCl(B—X) fluo-
rescence as a funcuon of xenon partial pressuse for various
mux tures contaimng different pressure of argon buifer gas,
The argon pressures were: (a) 1 atm, e; (b) 1.5 atm, X; (c) 2
atm, o, (d) 2.5 atm, 2; (e) 3 atm, o. All mixtures contained

2 Torr CCl4.

equation
b =751 + kg A IAT] [Xe], ()

with 75 = (62 £ 4) X 106 s~1,and ky, o, =(3.8%
0.8) X 10—30 emb s—1_ Comparing eq. (1) with eq.
(3), we sce that Ky, . can be identified with the
third-order rate constant for three-body quenching
of XeCl* by Xe, and that 75 ! can be identified with
the sum, de + kCCl [CCl, 1.

It 1s useful to consnder how the other quenching
terms in eq. (1) could be identified from data dis-
played mn the form shown in fig. 3. Significant con-
tributions from two- and/or three-body quenching
by Ar would result in the zero-pressure intercepts of
lines (a)—(e) being displayed from one another by
amounts determined by k5 and k4 4 .. Upper mits
to the rate constants ks, and ks 4, of 2X 10-13
cm3s—land 3X 10‘33 cmb 51 respectively, could
be set by assigning an upper bound of £5 X 106 s—1
to the spacings observed in fig. 3. The effect on the
displayed data of a contribution from two-body
quenching by Xe would be more subtle. In principle,
kxe could be estimated from the intercept on the
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Fig 4. Decay frequency (771) of XeCl(B—X) fluorescence
plotted as a function of CCl, parual pressure for mixtures
contaming a fixed pressure of 1 Torr Xe and 1 atm Ar

zero-pressure axis of the graph obrained by plotting
the slope of each of the lines shown n figs 3a—3e
versus the argon pressure Unfortunately no such m-
tercept was observed. However, scatter in the data
would have prevented a coninibution from ky, =
1.0X 10~ cm3 s—1 the value recently determined
m ref [6]. from being detected 1t should be noted
that even at the lowest pressures studied the contn-
bution to quenching from such a two-body process
would be only one-tenth of that from the three-body
process

Table 1
Summary of rate ccnstants for reactions quenching XeCi*
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The rate of collisional quenching of XeCl* by CCl,
was established by measunng the decay constant 7 for
a number of mixtures containing consiant amounts
of Xe and Ar, but different amounts of CCl4. Some
of the expenmental data are shown in fig. 4. In fig. 4,
the XeCl decay frequency, 71, 1s plotted as a func-
uon of the CCl, pressure for mixtures contamning 1
Torr xenon and 1 atmargon. From the slope of fig. 4,
kcq, was calculated as (4.6 £ 0.2) X 10—10 ¢m3 s—1,

The effective radiative hfetime of XeCl* can be
estimated from the zero-pressure mtercept mn fig. 4.
This intercept contans a contribution due to col-
lisional quenching of XeCl* by Xe in the presence of
Ar. However, this contnibution is small, amounting to
only 2.5 X 106 s~ at 1 Torr Xe, and 1 atm Ar. When
this contnbution was subtracted, 7;3, was computed
as (24.3 = 1.6) X 106 s—1 This corresponds to an ef-
fective rachative lifetime of 41 % 3 ns.

Rate constants that were determined for the vari-
ous processes quenching XeCl* are summarnized in
table [. The radiative lifeume of XeCI* measured in
this work is an effective value for B and C states
rmixed by collision. The rate constant for the mixing
of these states by collisions with argon has been mea-
sured as 1.2 X 10~ 1! cm3 s—1 [8.9]. Therefore, even
at 1 atm pressure, the states are efficiently mixed in
a time that 1s much shorter than the radiative life-
ume of either state, The value of the effective radia-
tive lifetime compares well with other measurements
[6,7] but 1s much greater than the theoretical predic-
tion [10] used in many modeling studies.

Numerous similanties eaist between the pattern of
three-body quenching exhibited by XeCl* and that
observed previously for XeF* [11,12]. Both excimers

Reactuon

Measured rate constants

QOther work

XeCl* + Ar + Xe — products
XeCl* + Ar + Xe = XeaCl* + Ax -
XeCl* + Ar + Ar — products
XeCi* + Xe + Xe — products
XeCl* + CCl; - products

XeCl™ + Ar - products
XeCl* + Xe — products -
XeCl* = Xe+ 1+ Av

(3.8202)x 1073%¢m® 5!
<3x% 10732 em® 57!
—(4.6 =0.2) X 1071% cm® 71
<2x%x 1073 em® 57!

r=341=3ns

1.5% 1073 emb 571 {4y

73%x 1073 em® 57! [7]
8.8 x 107% cm3 57! for Cl; [6]
5 X107 em® s~ for €1, [7)

1.0% 1071 cm® 57! (6]
+= 11 ns {10}, 40 ns [7}
+ = 27 ns for B state {6]
7 = 53 ns for C state {6}
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are quenched somewhat more strongly by Xe when
Ar 1s present as a third body than by Xe when 1t 1s
present alone, and both excimers are quenched much
more strongly by Xe 1n the presence of Ar than by

Ar alone [7,11,12]. Using a form of phase-space
theory, Shui and Duzy [13] have estimated rate con-
stants for the three-body quenching of XeF* by a
vanety of inert-gas atoms. These estimates show that
XeArF* is formed in preference to Xe,F* when XeF*
1s quenched by Xe in the presence of Ar. A simular
situation may exist for XeCl*. The total rate con-
stant for three-body quenching of XeCl* by Xe in the
presence of Ar, measured in this study, 1s 20 times
greater than that for the production of Xe,Cl* n this
reaction [4]. Obviously, channels leading to products
other than Xe,C1* must exist. It 1s probable that one
of these involves the molecule XeArCl* as an wnter-
mediate species. Tlus molecule has not been observed
previously, and may not even exist as a stable long-
lived species [14]. However, the complex may exist
for the =10—10 s required in order for it to play an
important role in three-body quenching.

It 1s clear, based on the results displayed in table 1,
that three-body quenching 1s the dominant loss pro-
cess 1n the XeCl laser system. Several reports have
appeared in the literature [15], suggesting that higher
laser efficiencies can be obtained using neon in place
of argon as a diluent 1in these systems. The increased
efficiency has usually been attributed {16] to the
production of transient absorbing species that con-
tain argon. However, the extremely fast three-body
quenching reaction, discussed above, may be partly
responsible for the lower efficiency observed when
using argon.
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