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State-to-state relaxation processes for XeCI (8,C) 
T. D. Dreiling and D. W. Setser 

Chemistry Depanment, Kansas State University, Manhattan, Kansas 66506 
(Received 27 March 1981; accepted 9 July 1981) 

The XeCl (B-X) and (C-A) emission spectra obtained from reaction of Xe (,P, or 'PI) with CI" CCI., and 
COCI, in the presence of He, Ne, Ar, Kr, and N, bath gases were used to study the vibrational relaxation and 
transfer between the Band C states of xeCl. By using the different CI donors, different ranges of vibrational 
energy were emphasized. The bound-free emission spectra were simulated for various pressures of bath gas to 
obtain vibrational distributions. Numerical modeling of the XeCl(B) and XeCI(C) vibrational popUlations and 
the B IC intensity ratio as a function of pressure gave rate constants for vibrational relaxation and transfer, as 
well as the model for the state-to-state processes. For Ar as the bath gas, vibrational relaxation can be 
characterized by an exponential gap model Pij ex e-OldElkT, with rate constants of (I~), (6-12), and 
(20-30) X 10-" em' molecule- 1 sec- t for the v ranges of 0-30, 30-70, and 70-130, respectively. The rate 
constants for electronic state transfer are (3-11), (II-IS), and (IS-IS) X 10- 11 cm' molecule- 1 sec- t for the 
same v ranges. The vibrational energy loss upon electronic state transfer was best described by a Poisson-type 
function displaced to lower energy from the initial energy. These basic models also describe the relaxation in 
the other gases with He and Ne being less efficient and Kr and N, more efficient than Ar. The magnitudes of 
the rate constants and the models are discussed. 

I. INTRODUCTION 

Because of the importance of rare gas halide excimer 
lasers, considerable research has been directed toward 
characterizing and understanding the basic kinetic pro
cesses of formation, quenching, electronic state trans
fer, and vibrational relaxation of the B(l/2) and C(3/2) 
states of the rare gas halide molecules. 1 The importance 
of the C state has only recently been realized. In fact, 
the C-A transition of XeF has been made to lase. 2 

Clearly the C state must be included in any realistic 
model of the laser medium, and understanding the B-C 
state coupling and the associated vibrational relaxation 
may be of importance in optimizing the design and per
formance of the rare gas halide lasers. 

Previous reports from this and other laboratories 
have provided information concerning the reactions of 
the first excited states Rg(3 P2, 1) of the rare gas atom 
with halogen donating molecules to form the RgX(B, C) 
molecules. Quenching rate constants and branching 
fractions have been reported for Ar(3Pa), Kr~Pz), and 
Xe(3pa) with a variety of halogen donors. 3-4 In addition, 
the bound-free emiSSion spectra from the RgX(B-X) and 
RgX(C-A) transitions have been interpreted to provide 
information concerning the vibrational energy disposal 
and dynamical features of these reactions. 5. 6 Although 
most of the work has been concerned with the metastable 
3pZ state, results for the 3P1 state appear quite similar. 7 

In this paper, we present results concerning the vibra
tional relaxation and electronic state transfer for the 
XeCI(B, C) states in various bath gases. We chose 
XeCI because of the ease of obtaining experimental data 
and because assignment of vibrational distributions from 
the bound-free spectra is more straightforward. The 
general findings from the XeCl results should be ex
tendable to other RgX systems. We discuss in detail the 
results for XeCI* in argon and subsequently contrast the 
relaxation processes in Ar with those in He, Ne, Kr, 
Xe, and Na. The final results are in the form of state
to-state rate constants for C-B transfer and for vibra-

tional relaxation as a function of Vibrational level. In 
addition to applications to rare gas halide lasers, the 
results are of general interest for relaxation of high vi
brational levels of ionic diatomic molecules in rare 
gases. 

Reactive quenching of Xe (3 P 2, 1) with halogen donors 
gives XeCl(B, C) with various vibrational distributions, 
and using different donors permits a range of the vibra
tionallevels to be emphasized. For instance, the donors 
Clz, CCI4, and COClz give vibrational distributions peak
ing at v = 100, 50, and 0, respectively.5<b) Computer 
simulation of the B-X and C-A emission spectra permits 
assignment of the vibrational distribution. Initial dis
tributions are obtained from low pressure (::::0.2 Torr) 
spectra where collisions with the bath gas are not im
portant. At higher pressures the appearance of the B-X 
and C-A emissions and their relative intensities change 
as a consequence of vibrational relaxation and transfer 
between the two electronic states by bath gas collisions. 
By modeling the population distributions and the B/C in
tensity ratios as a function of bath gas pressure, rate 
constants for relaxation and transfer can be deduced, as 
well as a state-to-state view of these processes. The 
state-to-state kinetics are emphasized in this paper; 
however, the results are of practical relevance because 
the rare gas halide formation processes in lasers, 
whether they be reactive quenching of excited rare gas 
atoms or ion-ion combination, initially yield high vibra
tional levels of RgX(B, C). 

The organization of the paper is as follOWS. In Sec. 
II the experimental results for the reactions of Xe(3p2,1) 
with CIa, CCI4, and COCl2 in various bath gases are 
summarized. Also the XeCI(B, C) vibrational distribu
tions obtained from simulation of spectra are presented. 
The XeCl(B-X) and XeCl(C-A) simulation is nearly the 
same as used previouslyS(b) and this is only briefly men
tioned. Section III gives the details of the modeling pro
cedures used to reproduce the variation of the popula
tions with pressure. The detailed results for Ar are 

4360 J. Chern. Phys. 75(9). 1 Nov. 1981 0021·9606/81/214360·19$01.00 © 1981 American Institute of Physics 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.216.129.208 On: Fri, 05 Dec 2014 04:35:36



T. D. Dreiling and D. W. Setser: State-to-state relaxation for XeCI 4361 

8-X , , ' ~ '~~ 
.. -.. ,- ... ,' / \' 

.-
4.0 torr 

8-A \' . , '~\ 

I 

220nm 
I 

280 
I 

340 
I 

400 

, \'., . -
-\ 

" 

i 
460 

FIG. 1. Comparison of experimental 
(--) and simulated (- - -) spectra 
of the B -J( and C -A emission of 
XeCl resulting from the reaction of 
Xe* + Cl2 in Ar. In each case the 
B -J( spectra have been attenuated so 
that the most intense peak of the 
C -A and B -x emission have the same 
height. 

given in Sec. IV and a summary of the other gases is 
given in Sec. V. A discussion is given in Sec. VI. 

Xe, chlorine donor, and bath gas, under either static or 
flowing conditions, is irradiated in a reaction cell with 

II. EXPERIMENTAL RESULTS AND SPECTRAL 
SIMULATIONS 

The experimental details for study of the xerp2 ) and 
Xerp1 ) atom reaction with chlorine donors have been 
given elsewhere3• 7 and can be briefly summarized here. 
The metastable atom reactions are studied with a flowing 
afterglow apparatus. A small amount of Xe is entrained 
in an Ar carrier gas flow which is passed through a low 
power hollow cathode discharge. Xerp2 ) is formed from 
direct excitation in the discharge and from excitation 
transfer from Arrp2 ) +Xe. Only the relatively long 
lived Xerp2 ) survives the transit time to the reaction 
zone several centimeters downstream of the discharge. 
The chlorine donor is added coaxially to the Ar/Xe flow 
in the reaction zone and the resulting XeCI* emission is 
observed with a monochromator and detection system 
interfaced to a minicomputer. The computer controls 
data acquisition and stores the spectra on magnetic tape 
for subsequent analysis. 8 The spectra can be corrected 
for the spectral response of the detection system, in
tegrated to obtain (B-X) and (C-A) emission intensities, 
and replotted for direct comparison with simulated 
spectra. The pressure at which the spectra are ob
served can be changed by varying the Ar flow and/or 
throttling the pumping speed. The flowing afterglow 
method is somewhat limited in that only inexpensive 
gases (Ar) can be routinely used as the carrier gas and 
the pressure range is restricted fromO. 2 to - 50 Torr. 

For the resonance state atom reactions a mixture of 

a microwave powered Xe resonance lamp interfaced to 
the cell with a MgF 2 window. Radiation trapping in the 
cell lengthens the effective lifetime of Xerp1) to a time 
scale permitting reaction to occur. The XeCI* emission 
is observed at right angles to the light from the reso
nance lamp with the same detection system as above. 
Relative to the flowing afterglow, this method has the 
advantage of a much larger pressure range, 0.1 Torr 
to 5 atm, as well as permitting different bath gases to 
be used. One disadvantage is scattered light from the 
discharge, mainly Xe* lines, which overlap the long 
wavelength part of the XeCI(C-A) spectrum. The in
tensity of the atomic lines must be carefully subtracted 
out to obtain accurate B/C intensity ratios. In all of the 
work here the small (the calculated B-A/B-X branching 
ratio is 0.06) contribution of the B-A transition to the 
C-A spectrum has been ignored. 

Sample XeCI spectra obtained with the above methods 
are shown in Figs. 1-3 for various donors and pressures 
of argon. Although close examination does show slight 
differences resulting from the 978 cm-1 higher energy 
for the resonance state, the spectra from the Xerp1 ) 

and xerp2 ) reactions are virtually identical and in the 
remainder of this paper no distinction will be made be
tween them. Plots of the intensity ratio IB /Ie versus 
pressure are shown in Figs. 4(a) and 4(b) for the reactions of 
Xe* + C12, CCI., and COCl2 in argon and for Xe* + Cl2 

in various bath gases. 

The numerical simulation of the experimental bound
free spectra has been presented elsewhere. 5 Three 
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FIG. 2. Same as Fig. 1 but from 
Xe*+CCL!. In the 240-260 nm re
gion, the simulated B-X spectra are 
above the experimental spectra because 
a flat potential was used for the 
XeCl(Xl. The use of a more realis-
tic potential would reduce the intensity 
by shifting the transition occurring at 
the inner turning point of the upper 
state to longer wavelengths. 

.450 

FIG. 3. Simulated (---) and experimental (--) spectra from Xe*+COCl2• The lack of oscillatory structure, even at low pres
sure, prevents a reliable vibrational distribution from being assigned. 
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FIG. 4. Comparison of the IB/lc intensity ratios as a function 
of pressure for (a) the C12• CC14• and COC12 donors in argon 
and (b) for Xe* + C12 in the various bath gases. The dashed line 
in b serves only as an aid in identifying the argon points_ 

basic variables enter into the simulations: relative 
shapes of the two potentials, variation of the transition 
moment with internuclear distance, and the vibrational 
distributions. The variation of the transition moment is 
especially important in fitting the bound-free emission. 
In this work we used the procedure developed previously 
for fitting the XeCI(B- X) emission, which employed 
Tellinghusin's B state potential in a Rittner form with 
a flat potential for the X state. S(b) The effects of the 
transition moment were included by introducing a mono
tonic function to multiply the spectrum obtained using a 
constant transition moment. These results were suc
cessful in simulating the XeCI(B-X) emission from a 
variety of donors. The B-X transition is easy to simu
late because the spectra are not very sensitive to the 
shape of the lower potential; such is not the case for the 
C-A tranSition, where the repulsive wall for the lower 
state A-potential is very important. Initially we used 
the potentials previously employed to simulate the C-A 
tranSition. However, when modeling the XeCI(B) dis-

tribution as a function of pressure, a second maximum 
developed in the distribution from C - B collisional trans
fer. This second peak, which is not experimentally ob
served, was a consequence of the initial C distribution 
having its maximum at lower Ey than for XeCI(B). This 
is evident in Figs. 4 and 7 of Ref. 5(b) where Em,,(XeCI, 
B) is 6 kcal mole-1 larger than Emj>(XeCI, C) from the 
Xe* +Clz reaction. To rectify the problem it was neces
sary to make the A state slightly more repulsive so that 
the vibrational distribution from the C-A emission was 
moved to higher Ey. The initial XeCI(C) distributions 
used here from CIa, CCI4, and COCla were indistinguish
able from the XeCI(B) distributions . 

The expressions for the potentials used here to simu
late the C-A emission are 

(la) 

V(R)A,3/ 2 =1.77Xl07 exp(-2.827 R') cm-1 , (lb) 

where vT(R') B,l/2 is given by Eq. (4a) of Ref. 5 (b), R' 
=R:,l/2 +0. 9814(R _R~,3/2) _ O. 0365(R _R~,3/2)2, w:,l/a 
=195.2 cm-1, w~,3/a=188 cm-i, R:,l/a=2.937 A, and 
RC

l
3/2 =3.14 A. It should be noted that the expressions e . 

for the A potential and the transition moment function of 
Ref. 5 (b) [Eqs. (14) and (15)] are slightly in error. 9 

Since no empirical potential for the C state was avail
able, Eq. (la) was used to cast the ab initio10

( a) C po
tential into a form similar to the empirical (Telling
huisen's) B state potential. However, because of the ex
pression for R " Eq. (la) is valid only for R less than 
-10 A and should be used with some caution. In addi
tion, the use of an empirical B and ab initio C potential 
leads to some discrepancies when comparing the R,'s 
and w,'s of the two states with theoretical predictions. 
While theoretical Calculations1

0(1l> predict a larger Re 
and smaller we for XeCI(B), the opposite is the case for 
the potentials used here. The situation for the R,'s is 
not serious for the work described here since both the 
C and A potentials can be shifted to shorter internuclear 
distance without affecting the simulations, i. e., only the 
relative pOSition of potentials is important. The w, dis
crepancy is more serious since it (along with w,x,) de
scribes the energy levels of the two states. Unfortunate
ly, no empirical potential exists for the C state and it 
was necessary to resort to the ab initio curve. 

The basic procedure for simulating the experimental 
spectra was to first calculate spectra for individual vi
brationallevels of the upper state. These individual 
spectra were then summed over an assumed vibrational 
distribution to obtain a total spectrum. Different vibra
tional distributions were tried until a satisfactory fit 
was found for the experimental spectra obtained at dif
ferent pressures. Some simulated spectra are com
pared to the experimental ones in Figs. 1-3 and the 
corresponding steady-state vibrational distributions 
are shown in Figs. 5 -7 . 

Two important points affecting the modeling are the 
reliability of the distributions, i. e., how accurate are 
the Simulations, and the variation of the XeCI* lifetime 
with v level. The first point is addressed in Fig. 8, 
which shows XeCI* (B-X) emission spectra in Ax from 
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FIG. 5. Steady-state XeCI(B ,C) vibrational distribution ob
tained from simulation of Xe* +C12 spectra at various Ar pres
sures. Because of different w. and w"x. values, the Vmax levels 
for the two states are different, even if the vibrational energy 
is the same (see Table I). 

Xe* + Clz at 1. 3 Torr and from Xe* + CC14 at 11. 9 Torr 
along with two simulated spectra that were judged to be 
satisfactory fits. The corresponding vibrational dis
tributions differ by -10% on the average. Hence any 
relaxation model that matches a distribution to within 
-10% of the distribution assigned by simulation must be 
considered satisfactory. This 10% uncertainty reflects 
only the ability to successfully simulate the observed 
spectra using several assumed distributions, all of 
which differ by less than 10% on the average. A discus
sion of errors in the derived population distributions 
associated with assumptions concerning the potentials 
involved and the dipole moment functions is presented 
in Ref. 5(b) and briefly in the Discussion section. The 
uncertainty in the distributions increases with increasing 
pressure (reduction in vibrational energy) because of the 
loss of the oscillations from the spectra. This is evi
denced by the spectrum from CC14 for which the dis
tributions are less unique than for the low pressure Clz 
spectra. Above -15 Torr of Ar the oscillations have 
disappeared and the best that can be done is to assign 
high temperature Boltzmann distributions. The above 
discussion was based on the B-X spectrum. For the 

C-A spectra, the potential curves are less accurate 
and the B-A and C-A emissions overlap; therefore the 
distributions from the spectral simulations are less reli
able than those from the B-X simulations. Hence, in 
modeling, emphasis was placed first on fitting the IBI 
Ie ratio vs pressure, then the B state vibrational distri
bution, and finally the C state vibrational distribution. 

The second point was the variation of the XeCl(B, C) 
lifetimes with v level. Unfortunately, measurements of 
the XeCl(B, C) lifetimes have not been reported. How
ever, the theoretical values given by Dunning and Hay10(a) 
for XeCl(B, v =0), 11 nsec and XeCl(C, v =0), 120 nsec, 
can be combined with the dependence of the transition 
moment on internuclear distance to obtain calculated 
lifetimes. The Einstein coefficients decrease by -3 
from v =0 to 100; therefore the lifetimes increase by -3. 
This trend of increasing lifetime vs v level has been ob
served for a small range of v for KrCl. 11 Dunning and 
Hay have calculated lifetimes for ArF, KrF, and all the 
xenon halides. 10 Experimental lifetimes have been re
ported for KrF(B)12(a) and XeF(B, C)1Z(b); the results 
generally agree with the calculated values to within 
- 30%. The XeCl calculated lifetimes and energy levels 
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FIG. 6. Steady-state XeCI (B, C) vibrational distribution ob
tained from simulation of the XeCI * + CCI( spectra at various 
pressures of Ar. 
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FIG. 7. Steady-state XeCI(B ,e) vibrational distributions from 
Xe*+COCI2 at 0.1-0.2 and 3-6 Torr. Only the shape of the 
distributions have significance; note the similarity to Boltzmann 
distributions. 

used in the modeling calculations are summarized in 
Table I. 

Even without the modeling results, some general con
clusions can be drawn from the data. 7,13 Although the 
statements below refer to argon bath gas, the same 
trends are observed in other bath gases; however, the 
characteristic pressure regions are different. At zero 
pressure, the initial I B /Ic is 1. 3 -1. 5 for all three 
donors, C~, CCl4, and COCI2 • In the low pressure 
(::S 5 Torr) regime, B state vibrational relaxation, C 
state vibrational relaxation, and a rapidly increasing 
IB IIc is observed. Since at these pressures the lifetime 
of the B state is less than the time between collisions 
with bath gas, the apparent B state relaxation is due to 
collisional transfer from the C state. This is also the 
cause of the increasing IBllc ratio. A simple steady
state analysis for XeCl(B) and XeCI(C) similar to those 
used previously4( al, 7 can be used to obtain approximate 
rate constants for C to B transfer kCB from the varia
tions of IBllc vs pressure in the low pressure regime. 
The analysis, which included an average radiative life
time estimate for each electronic state, gave kCB of 18, 
17, 5.9, and 2.7x10-11 cm3 molecule-1 sec-1 for Kr, Ar, 
Ne, and He, respectively. Since the reaction of Cl2 with 
Xe* gives a high vibrational distribution, these rate 
constants refer to v'" 100. The IB /Ic ratios from CCl4 

and COCl2 do not increase as fast as for Cl2; hence the 
transfer rate constants evidently are smaller for lower 

TABLE I. XeCI energy levels and radiative lifetimes. 

Vibrational 
estate B state 

level Energy (em -I) T (nsee) Energy (em-I) T (nsee) 

0 139.42 120.0 369.42 11. 0 

4 876.08 127.6 1136.05 11. 08 

8 1590.86 136.4 1882.33 11. 88 

12 2284.25 137.2 2608.63 12.29 

16 2956.77 142.8 3315.38 12.64 

20 3608.94 146.9 4002.98 12.53 

24 4241. 29 152.3 4671.84 12.35 
28 4854.33 174.1 5322.39 13.43 
32 5448.6 182.1 5955.05 14.10 
36 6024.61 195.3 6570.25 14.50 
40 6582.89 195.5 7168.42 14.84 
44 7123.96 210.3 7750.00 16.12 
48 7648.33 224.6 8315.41 16.38 
52 8156.52 230.6 8865.10 17.25 
56 8649.03 245.0 9399.49 18.69 
60 9126.35 256.4 9919.03 19.33 
64 9588.98 265.0 10424.17 20.15 
68 10037.4 275.2 10915.27 21. 35 
72 10472.1 279.1 11392.77 22.42 
76 10883.4 270.2 11 897.07 23.88 
80 11302.0 296.2 12308.67 24.78 
84 11 698. 1 298.2 12747.97 26.04 
88 12082.3 308.3 13175.27 27.52 
92 12454.9 318. 1 13590.97 28.98 
96 12815.3 325.6 13994.47 30.21 

100 13167 337.7 14389.17 31. 77 
104 13507.3 343.3 14772.37 33.21 
108 13837.6 349.1 15145.174 35.14 
112 14158.1 352.8 15508.67 37.16 
116 14469.3 357.9 15862.27 39.03 
120 14 771. 5 375.1 16206.67 40.91 
124 15065 398.5 16541.97 
128 15627.1 433.7 17186.47 
136 15896.2 438.5 17496.07 

V levels. This is supported by the fact that the change 
in IBllc "slows down" for higher pressure and in the in-
termediate regime (5 -50 Torr of Ar) I B IIc is nearly 
constant. In this regime collisions with the B state be-
come important and the slow change of I B IIc is due to a 
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FIG. 8. (a) Comparison of XeCI(B-X) experimental spectrum 
with two simulated spectra (- - - and'" .) which give satisfac
tory fits. The simulat.ed spectra for the Cl2 case are nearly 
superimposed. (b) Corresponding vibrational distributions. 
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combination of reduced transfer rate constants for the 
lower v levels and also to the balance in Band C state 
populations as the B-C transfer rate competes with 
radiative decay of the B state. At -50 Torr the IB/lc 
attains its maximum value. Examination of the 10-100 
Torr spectra indicates that the vibrational distributions 
are high temperature Boltzmann distributions, while the 
electronic state distribution is nonBoltzmann. By -100 
Torr, the vibrational distributions are nearly 300 oK. 
As the pressure is increased to the 1000 Torr region, the 
IB/lc ratio decreases as transfer between Band C oc
curs to give a Boltzmann electronic state distribution. 

Xe. For XeF the quenching rate constants in the rare 
gases are typically 10-13 _10- 14 cm3 molecule- 1 sec-1 while 
the transfer rate constants are two orders of magnitude 
larger. 13 No detailed modeling for XeCl in Xe will be 
presented because of the possible importance of elec
tronic state quenching. The vibrational levels of XeCl(B, 
C) are divided into three ranges: low v(v =0-30), mid 
v(v =30-70), and high v (v =70-130). Examination of 
Figs. 5-7 shows that Xe* +Clz gives an initial vibra
tional distribution peaked at v -100 with :0:: 80% of the total 
in the high-v range; Xe* + CCl. gives an initial distribu
tion peaked at v-50 with 80% in the mid-v range, and 
COClz gives a distribution peaked atv =0 with 80% in the 
low-v range. 

At the highest pressures electronic transfer is com
plete, and interpreting the high pressure IB/lc ratio as 
a 300 oK distribution shows that the XeCl(C) state is 
- 200 cm-1 lower in energy than the XeCl(B) state. 7 The 
exact value of the energy separation is still being dis
cussed. Tellinghusien and MCKeever 14

(a) report a value 
of -130 cm-1 by interpreting the IB /lc high pressure 
intercept at 360 and 800 oK. (In addition, they were able 
to obtain AC_A / A B-X '" T B/ T c of 0.087 which is in ex
cellent agreement with the calculated value of 0.091. ) 
Bokor and Rhodes, Wb) on the other hand, report an 
energy separation of - 5 ± 25 cm-1 with the C state higher 
in energy. However, their experiments, which used an 
ArF laser to excite Xe/Clz mixtures in Ar, extend to 
only 1000 Torr. In fact, pressures of ~1000 Torr are 
required to obtain B/C equilibrium concentrations (see 
Fig. 2 of Ref. 7, for example). Thus the data of Bokor 
and Rhodes do not extend to suffiCiently high pressure to 
obtain a true equilibrium IB /lc ratio. Experiments of 
the type described in Ref. 7 have recently been per
formed at low temperatures15 and preliminary results 
support an energy separation of '" 200 cm-1

• The un
certainty of the B-C energy separation does not affect 
interpretations of this paper because we are concerned 
with collisions of XeCl molecules in high-v levels. 

III. METHOD FOR MODELING VIBRATIONAL 
RELAXATION AND 8-C STATE TRANSFER 

The method used to model the variation of the XeCI(B, 
C) vibrational distributions and B/C ratio as a function 
of pressure is essentially the same as the one used by 
Duewer, et al. 1e in studying the rotational relaxation of 
CN(B' v = 11). The one important difference here is the 
large variation in radiative lifetime which must be in
cluded in the calculation. Electronic quenching of 
XeCl(C, B) is assumed to be Wlimportant since the 
modeling only extends to 50 Torr. This approximation 
should be valid for all the bath gases studied except for 

for l:$i :$NC , l:$j:$NC, 

for 1 :$i:$NC , NC+1:$j:$NC+NB, 

for NC+1:$i s NC+NB, 

for NC+1 s i s NC+NB, 

If the relative populations of XeCl(B' v) and XeCl(C, 
v) are considered to be a vector, then the normalized 
initial population vector X(O) is given by 

(2) 

where RI is the formation rate into the ith level. If NC 
and NB are the maximum number of vibrational levels 
for XeCl(C) and XeCl(B), respectively, the total C and 
B populations are 

NC NC.NB 

Nc = L: XI(O) and NB = L XI(O). 
1=1 NC 

(3) 

Since the reaction of Xe* + Clz populates levels up to 
v = 140 in the C state, X(O) would include over 200 levels 
if each vibrational level was included. To save computa
tional time, the populations were grouped into every 4th 
vibrational level. The relative B to C formation rate is 
given by4(b) the zero pressure IB /lc ratio, which was 
taken as 1. 4 for all three donors from Fig. 4. The inital 
relative vibrational distribution within each electronic 
state was obtained from the simulation of the lowest 
pressure, typically sO. 2 Torr, spectrum. The low 
pressure distributions shown in Fig. 5-7 are steady-state 
distributions and must be corrected for the lifetime 
variation to obtain the true initial distributions. SIb) 

The rel.ative populations that exist after exactly m col
lisions are given by 

(4) 

The transition matrix P,has elements P IJ which give the 
probability per collision with bath gas ofaXeCl molecule 
in state j going to state i. P was partitioned into four 
parts as follows: 

PfJ = C state relaxation , 

PiJ =B to C transfer, 

prj = C to B transfer , (5) 

PfJ =B state relaxation. 
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The diagonal elements of the matrix correspond to elastic state concentrations XI (s) by 
collisions, which are unobservable in this case, and were 
calculated from the normalization condition XI(s) =/1 TI • (12) 

(6) 

By normalizing P in this manner, the sum of the inelastic 
and elastic rate processes is independent of vibrational 
level providing the collision frequency (cross section) 
is selected to be constant for all levels. In the modeling, 
the collision frequency was taken as a constant; but the 
ratio of the inelastic and elastic cross sections was al
lowed to be a function of vibrational level. The transi
tion matrix is subject to detailed balance and up transi
tions were calculated from the model assumed for the 
down tranSitions, i. e., for j >i 

(7) 

The probability that a molecule undergoes exactly m 
collisions before decaying by photon emission can be 
calculated as follows. For a molecule in a given level 
with a radiative lifetime T, the distribution of times 
for radiative decay is given by 

(8) 

The fraction of molecules undergoing exactly m col
lisions in a fixed time interval t is given by 

(9) 

where z is the collision rate corresponding to a given 
pressure. The distribution for the number of collisions 
before radiative decay is given by the convolution of 
these two distributions over all time, 

(10) 

This last quantity is the fraction of molecules under
gOing emission alter exactly m collisions but before the 
(m + 1)th collision. The emission intensity I from each 
level in the form of a vector is given by, .. 

1= L A(m)X(m) 
moO 

.. (11) 

= L A(m)pmX(O) , 
moO 

where A(m) is a vector and is different for each level 
because of the different values of TI. Although this 
equation contains an infinite number of terms, the sum
mation can be approximated with a finite number of terms 
m* because A(m) decreases with increasing m. In this 
work the summation was terminated when ~ I XI (m*) was 
:S 0.1 % of Xi (0). For this criteria m* usually ranged 
from 2 to 100 depending on pressure and bath gas. The 
intenSity from individual levels is summed to obtain the 
IBlle ratio. The intensities were converted to steady-

If lifetimes for all levels were equal, the relative 
steady-state concentrations and intensities would be 
equivalent and no conversion would be needed. The 
distributions given by XI (s) are compared to the dis
tributions obtained from simulation of the experimental 
spectra at a given pressure to gain information about 
the form of PiJ" 

Assignment of the model for P was based on a trial and 
error approach. We began with simple models and added 
more flexibility as necessary. We wanted overall rate 
constants for transfer and vibrational relaxation, as 
well as state-to-state rate constants. The state-to-
state processes are determined by the form of P and 
the rate constants for total removal of level j by z~ I P IJ 
(Uj). The success of a model for P is judged by how 
well the calculated distributions fit the variation of the 
shape of the simulated di.stributions with change in pres
sure. On the other hand, the rate of relaxation of the 
vibrational distributions as a function of pressure de
pends on both the collision rate z (or (J, the total col
lision cross section) and P. Because it was not pos
sible to determine the magnitude of the elastic cross 
section from our data, the selection of the total cross 
section is somewhat arbitrary. For our purposes the 
only restriction on (J is that it be large enough to give 
the required rates of relaxation and transfer. Ini
tially, we estimated "reasonable" values for the 
collision cross section and proceeded with the model
ing. But in some cases it was subsequently neces
sary to increase (J because the required rates of re
laxation and transfer could not be made fast enough 
for the first choice for u. After selection of a P that 
fitted the overall shape of the distributions, though 
not necessarily at the right pressures, the inelastic 
cross section could be increased or decreased until 
the distributions matched at the proper pressure. 

The objective is to obtain a model for the tranSition 
matrix P which simultaneously fits all of the experi
mental data, i. e., the B and C distributions and the IBI 
Ie ratio as a function of pressure for all three CI donors. 
Preferably the model should be described by as few in
dependent parameters as possible. Calculations were 
first done for XeCI in Ar. Relaxation and transfer are 
both sufficiently fast that changes occur at relatively 
low pressure. Since the required number of iterations 
needed for convergence depends on pressure, analysis 
of the argon data for a given degree of relaxation requires 
less computer time than for He or Ne. The fitting for 
Ar also provides a good reference point for both lighter 
and heavier bath gases. To aid in the discussion and in 
identification of results, each model will be given a label 
(capital letter) as it is presented. Several different 
models were tried. Each of these models has several 
parameters which can be varied, but we present only 
the best set of parameters from the several trial and 
error attempts to obtain a satisfactory fit to the ex
perimental data. Table II contains a summary of the 
models and the collision cross sections. 
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TABLE II. Rate constant summary. 

Bath 
gas 

Ar 

He 

Ne 

Kr 

Xe 

Model 

A 

B 

C 

D 

E 

F 

0.11 

0.10 

O. 15 

0.3 

0.2 

0.05 

Model parameters 

C F RI b 

0.10 0.15 1.0 

0.2 0.15 0.5 

0.2 0.10 0.11 

0.15 0.13 0.3 

0.05 0.20 0.2 

T b 
I 

1.2 

1.2 

0.15 

0.3 

1.1 

k R
a 

kT ' 

D' low vd mid v high v low vd mid v high v 

4.95 4.5-13 13-20 20-34 

6.0 2.5-13 13-25 25-35 3.0-11 11-15 15-15 

6.0 1. 0-6 6.0-12 3.0-11 11. 0-15 

4.0 0.15-1. 1 1. 1-2.5 2.5-4.4 0.5-1. 8 1. 8-2.5 2.5-2.5 

5.0 0.5-2.9 2.9-6.2 6.2-9.5 0.7-2.6 2.6-3.5 3.5-3.5 

7.0 0.6-7.7 2.7-5.5 5.5-7.3 3.0-11 11.0-16 16-16 

-15-20 

aUnlts of 10-11 cm3 molecule-I sec-I; the kT in this table take precedence over all other previous reports in Refs. 5(h) and 7. 
1R2-R4 and T 2-T4 were the same for all models. R 2-R.=0.1, 1.0, -0.3andT2-T4=0.l, 0.7, -0.5. 
"Collision diameter in angstroms used to calculate the collision frequency. 
"The low, mid, and high v represent the ranges v =0-30, 30-70, and 70-130, respectively. 

IV. RELAXATION IN ARGON 

A. Vibrational relaxation of XeCI (e, high v)-Model A 

The XeCl(B) radiative lifetime is less than the time 
between collisions for pressures ::s 2 Torr, and B to C 
transfer cannot be important in this range. Therefore 
the change in the XeCI(C) distribution is solely due to 
vibrational relaxation. Although this statement is quali
tatively correct, 20% of the XeCI(B, v = 100) molecules 
undergo at least one collision at 0.5 Torr. This percent
age increases to 40% at 1 Torr and - 55% at 2 Torr; but, 
as a first approximation, B to C transfer can be ignored 
and C state relaxation can be modeled as vibrational 
relaxation for pressures ::s 2 Torr. 

The initial model used to calculate the transition ma
trix elements PfJ for transitions j > i was given by 

[
kT (bLl.E)] PfJ =a Ll.E +exp - kT ' (13) 

with Ll.E =EJ - E I • The constants a and b were treated 
as adjustable parameters and were varied to obtain a 
satisfactory fit to the data. The kT factor (k = Boltz
mann constant and T =300 OK) serves to make Ll.E unitless 
and has no other physical significance. For some 
values of a and b, Z; UJ PfJ was greater than 1 and values 
of PfJ calculated by the above equation were multiplied 
by a normalization constant so that Z; I PfJ = 1. Certain 
variations of the above model also were explored; PfJ 
=a +exp(- bLl.E/T), PfJ =akT/ Ll.E, and PfJ =exp(- bt::..E/ 
T), and close fits were obtained for most of these varia
tions. However, the "best" overall fit was obtained with 
Eq. (13) for a =0.05 and b =0.11. The dominant con
tribution to the magnitude of PfJ is given by the expon
ential term and since the vibrational relaxation could be 
fitted satisfactorily with just an exponential term, 17 the 
other models presented later do not include the kT / Ll.E 
term. 

The population distributions resulting from model A 
are compared in Fig. 9 to the simulated distributions 
at several pressures. The fit is well within the 10% 
uncertainty of the experimental distributions throughout 

the 0.11 to 2.2 Torr range. Note especially the good fit 
for P=2.2 Torr for 20::Sv::S110. By combining the 
collision frequency and the Z; I P IJ values, the relaxation 
rate constants kR (10-11 cm3 molecule-1 sec-1) as a func
tion of v level are 4.5-13, 13-20, and 20-35 for v =4-
30, 30-70, and 70-130, respectively. The smooth in
crease of the rate constants with v is due to the smaller 
energy separation between high-v levels and the larger 
number of levels below a given v level. 

For model A the PiJ decline smoothly with increasing 
Ll.E. Single level jumps (which for our model include 
all transitions from v to v -1, v - 2, v - 3, and v - 4) 
are the most important; however, multilevel transi
tions also are Significant. The adjustable parameter b 
in the exponential term governs the range of Ll.E. For 
small b, the low-v range gains in population at the ex
pense of the high v and the distribution is broadened, 
whereas for larger b the distribution remains sharp and 
moves systematically to lower v. For a successful fit 
b must be 0.1-0.2. The success of this model is due to 
the fact that molecules in the high-v range (v =70-130) 

0.1 torr Ar 

o 20 40 60 BO 100 120 140 
v 

FIG. 9. Comparison of simulated distributions (--) and cal
culated distributions from Model A (- - -) for the vibrational 
relaxation of XeCl(C) in Ar. 
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have a significant probability of transfer to the low-v 
range (v =4-30). This must be a general feature of all 
models that fit the relaxation of XeCl (high v) in Ax. 

Since the distrirution from Xe* + CIa is in the high-v 
range, the model should be most reliable for these 
levels. Most of the population in the low-v levels from 
Xe* + CIa arises from multiple collisions and the model 
may not be very reliable for the transition probabilities 
of the lower levels. 

B. Vibrational relaxation and transfer of XeCI (high v)
Model B 

Before proceeding with the addition of the XeCl(B) 
state to the calculations, certain assumptions must be 
made. Because C to B transfer is an important process 
at low pressure, apparent vibrational relaxation of B 
observed before bath gas collisions with B are important. 
At higher pressures, where XeCl(B) +bath gas collisions 
become important, the vibrational distribution of XeCl(B) 
has relaxed so much that obtaining information about 
XeCl(B) vibrational relaxation is impOSSible. Without 
any knowledge to the contrary, we will assume that B 
state relaxation can be described by the same model as 
for XeCl(C). We will drop the kT/AE term because of 
its minor role, and the model for vibrational relaxation 
becomes 

PfJ =exp(-bAE/kT) . (14) 

Since the vibrational levels of (C) are closer together 
than for (B), the kR(B) are slightly smaller, typically 
by 10-20%, than kR (C) for the same v level. 

The additional assumption concerns B - C transfer. 
A P~ model developed for C - B exoergic transitions 
would give the reverse (endoergic) B -C transitions by 
microscopic reversibility. However, a model is also 
needed for the B - C exoergic transitions. For the 
same reasons as given above, reliable information for 
this B - C transfer, particularly from XeCl(B, high v), 
is not available. However, detailed balance can be used 
to relate the forward and reverse B-C transfer rates, 
and, limiting high temperature, the forward and reverse 
rates would be equal. Although the translational tem
perature is near 300 OK, it is reasonable to assume that 
for high vibrational excitation, kBe(E~)"'keB(Ev), where 
E~ .., E v , and that the form for prj is the same for both 
XeCl(B) and XeCl(C). The XeCl(C, v =0) level, which 
represents the total v =0-3 population) is the lowest 
level and has no down tranSition, hence its kT and PIJ 
values are determined completely from detailed balance. 
The course graining will result in an increasingly er
roneous representation as the XeCl population builds up 
in the lowest levels of B and C. 

In contrast to modeling the C state vibrational relaxa
tion, simultaneous fitting of the B and C distributions and 
the IB /Ie ratio as a function of pressure was extremely 
difficult. Considerable effort was expended in obtaining 
a model that was sufficiently flexible. We initially used 

the same form for prj that was used for vibrational re
laxation and varied the parameters, as well as the rela
tive importance of transfer vs relaxation. For a given 
C level the highest transfer probability will be to the 
adjacent lower B level, according to this model. For 
certain values of the parameters, the Is /Ie ratio could 
be matched (and also C state vibrational relaxation), 
but the B state vibrational distribution was always too 
high in energy. An additional problem arose because the 
energy difference between adjacent B and C levels (note, 
our calculation uses every fourth real level) was not 
constant with v, because the values of w. and w. x. for 
XeCI(B) and XeCI(C) differ and the calculation gave piJ 
of widely varying magnitude for adjacent levels, which 
led to spikes in the B distribution which were difficult 
to compare with the smooth simulated distributions. 
Improvements were necessary to rectify these problems. 

The final model adopted for PiJ requires that the most 
probable transition from a given j be to the energy region 
Eo and has the following form: 

kT l Ei
+

1 

P:J=-C exp(-C·E*/kT)dE*, 
EI 

E * = I ~E - Eo I , (15) 

where kT and AE are defined as before, C is the adjusta
ble parameter, and Eo is given by 

(16) 

In Eq. (16) ~ = E J /16 000 cm-1 (16000 cm- 1 is approxi
mately the energy of the highest populated levels in the 
Xe + Clz reaction) and F is an adjustable parameter. 
Eq. (15) allows the most probable transfer to be fixed 
at Eo, with Eo being some fraction of initial energy. 
With the benefit of hindsight, the E/16 000 cm-1 term 
was added so that the lower v levels would lose less en
ergy than higher v levels. Theuse of the integral in Eq. (15) 
eliminates the computational artifact of widely varying 
P~ for adjacent levels and gives smooth steady-state 
B distributions. However, the integral also gave nearly 
constant 2: I prj values, which are independent of j, and 
hence the kT are independent of vibrational level. To re
gain the ability to control the magnitudes of kT for dif
ferent v levels the 2:1 P,~ values were fixed by a series 
expansion 

(17) 

where TI are adjustable parameters. To increase flexi
bility, a similar expression was used for 2:i>fJ : 

(18) 

with RI adjustable. The factors Rl and Tl allow the 
magnitude of kT and kR to be altered by changing the 
ratio of elastic and inelastic components of the cross 
section. The parameters R z-R4 and T z-T4 provide the 
functional dependence of 2: iP" on v level. The most ex-
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C Stote 

0.4 

o 40 60 80 100 120 140 

v 

FIG_ 10. Comparison of simulated (--) and calculated dis
tributions from Model B (- - -) of XeCl(B) and XeCl(C) from 
Xe* + Cl2 in Ar. Model B includes both relaxation and transfer 
processes. The apparent populations in the lowest two levels. 
which represent the real v = 0-8 levels for the higher pres
sures. cannot be interpreted literally (see text). 

tensive experimental data exist for Ar as the bath gas. 
For this reason R 2 -R4 and T 2 -T4 were established for 
Ar and were not changed for the other bath gases. Sev
eral calculations were done to determine a good set of 
parameters. Model B was chosen as giving the best 
fit to the Xe* + Cl2 data. The parameters for Model B 
are b = C =0.1; f =0.15; T,:= 1. 2, 0.01, 0.7, and - O. 5; 
andR,=O.l, 0.01,1.0, and -0.3fori=1, 2, 3, and 4, 
respectively. The calculated results are compared to the 
experimental distributions and IB /Ie ratios in Figs. 10 
and 11. The fit is fairly good for the B-state distribu
tion. The fit to the Costate distributions, while not as 
good as for Model A, is still within the uncertainty of the 
distributions and there is no point in trying to improve 
them. The IB/Ie fit is excellent below - 5 Torr and is 
only slightly lower for the higher pressures. In fact, 
the calculated IB/Ie ratio begins to decrease at 8 Torr 
while for experimental points continue to rise. This 
suggests that the transfer rate constants for the lower 
v levels are too low relative to the high-v levels and/or 
that the C state is vibrationally relaxing too fast. In 
either case, as the Costate population builds up in low 
levels, the C to B transfer slows down with increasing 
pressure. The second reason is substantiated by the 
8.0 Torr results of Fig. 10, which show that the cal
culated populations are too high in the low-v range where 
the C-B transfer rate constants are the smallest. Since 
the calculations match lower pressure data where the 
distribution is largely above v = 70, this model was con
sidered successful in fitting the Xe* + Cl2 data. In the 
next section Model B is mOdified slightly to give a good 
fit to the Xe* + CCl4 data with a distribution that initially 
is in the mid-v range and the question concerning the 
relaxation and transfer rates for v =30-70 will be 
addressed then. 

Combination of the transition probability matrix ele-
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FIG. 11. Comparison of experimental 
and calculated I Bile ratios in Ar. For 
clarity the IBlle ratios have been moved 
up 4 and 2 units for Cl2 and CCI4 • re
spectively. The calculated results are 
the dashed lines (best fit) or dotted line. 
The best-fit results are from Model B 
for Cl2 and Model C for CC4 and COCI2_ 

The dotted line is a Model B calculation 
for CCI,; the poor fit necessitated an 
improvement and led to Model C_ 
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v 

FIG. 12. Comparison of Model B (., • ) and Model C (- - -) re
sults for Xe* +CC4 data. The poor fit for Model B required 
improvement and Model C was developed to fit the Xe* +CCI4 
data (see text). 

ments with the collision frequency gives the rate constants 
listed in Table II. The relaxation rate constants agree 
favorably with the results from Model A_ The kR cal
culated here are slightly larger than for Model A and, 
as discussed above, may be too large for the low-and 
mid-v range. Nevertheless, the good fit to the data 
suggest that the kR for the high-v range are (20-35)x10-11 

cms molecule-1 sec-1• The good fit to the B-state distri
bution and the IB/le ratio below 5 Torr suggests that the 
kT are also reliable, at least for high-v levels. The 
form of .PfJ was discussed when Model A was presented 
and the results for Model B are very similar (see Fig. 
13); however, the form of P~ differs from PfJ' The C 
molecules enter the B state in an energy range that is 
peaked at -1~-1~ below the initial energy level. 

C. Relaxation and transfer of XeCI (mid v) and XeCI (low 
v)-Model C 

Since a satisfactory fit was provided to the Xe* + C12 
data, Model B was used to examine the data from the 
Xe* + CCI. reaction, which emphasizes the mid-v range. 
The results are shown in Fig. 12 for three pressures 
and, as can be seen, the B and C states both relax too 
fast and IB/le increases. too slowly with increasing pres
sure (Fig. 11). The following improvements are needed. 

Since XeCl(C) relaxes too fast, kR(v =30-70) should be 
reduced. The low IB/le could be a consequence of tl1e 
(too) fast relaxation of the C state and/or kT being too 
small for v =30-70. Since the B state also relaxes too 
quickly, kT probably is too large or transfer occurs 
with'too large a loss of energy. The most probable en
ergy loss by transfer of molecules from C{v =50) to 
B(v) is only 7-8% of the initial energy and further re
duction of this will not give much improvement. Hence, 
the best way to simultaneously reduce the rate of B-state 
relaxation and increase the IB /le ratio is to increase the 
C parameter in Eq. (16); this gives a sharper v-level 
distribution entering the B state. In addition, decreasing 
kR to fit the C relaxation will increase IB/le' The fol
lowing modifications to Model B were made: R1 was 
changed to 0.50 which reduced kR by a factor of - 2; the 
parameter C is Eq. (15) was changed to 0.2 which re
duced the B-state relaxation rate, and b was increased 
to 0.15, which gave a slightly better fit than using 
b =0.10. The rest of the parameters were the same as 
for Model B. The results from this calculation, here
after denoted as Model C, are compared in Figs. 11 and 
12 and the fit is seen to be much improved. The cal
culated transfer rate constants for Model C are the same 
as for Model B and the only difference is the form of 
P~. The relaxation rate constants for Model Care 
1. 0-6. 0 and 6.0-12 x 10-11 cm3 molecule-1 sec-1 for the 
low-v and mid-v range, respectively. The results for 
low v are less reliable than for mid v because low-v 
levels are populated by multiple collisions. The Model 
C rate constants, which are approximately half the values 
from Model B, should be more reliable because (i) the fit 
to the CC1. results are better, and (ii) the effect of mUl
tiple collisions is less severe in the mid- and low-v 
range for the CC1. data than for the C12 data. 

Model C was used to examine the Xe* + COC12 data. 
The fit to the IB/le data shown in Fig. 11, though not as 
good as for the other two reactions, is satisfactory. 
The distributions based on simulation of the Xe* + COC12 

spectra are only quaUtatively reliable because lack of 
oscillatory structure in the spectra prevents reliable 
assignment of the vibrational distributions. Neverthe
less, Model C does give acceptable results and no at
tempt was made to further improve the model for the 
low·v regime. 

V. RELAXATION AND TRANSFER IN OTHER BATH 
GASES 

A. XeCI (high v) in helium and neon 

In this section we extend the model to include other 
bath gases. For the most part these results are based 
on the Xe* + C12 reaction and will be strictly valid only 
for XeCI high v. Only the final results will be stated. 
Examples of the results of the simulation and modeling 
results for these gases, such as shown in Figs. 1-3 
and 10-12 for Ar, can be found elsewhere. 18 

Inspection of the IB/le ratios [Fig. 4(b)] for XeCl in 
He and Ne indicates that transfer is much slower in these 
bath gases than in Ar. In addition, the XeCl(B, C) vi-

J. Chern. Phys., Vol. 75, No.9, 1 November 1981 

 This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to  IP:

130.216.129.208 On: Fri, 05 Dec 2014 04:35:36



4372 T. D. Dreiling and D. W. Setser: State-to-state relaxation for XeCI 

brational distributions relax much slower in He and Ne 
than in Ax. For example, at 30 Torr of He the distri
butions are less relaxed than at 2 Torr of Ax • Before 
discussing the He and Ne results, it is necessary to 
make a few comments concerning the deduction of PfJ' 
For the Ax case, sufficient changes in the vibrational 
distributions occur at rather low pressures so that the 
effects of just a few collisions with the bath gas can be 
observed and the PfJ elements can be assigned with some 
confidence, i. e., the parameter b was determined with 
some reliability. For He or Ne, on the other hand, 
pressures of 10-20 Torr are required to see Significant 
changes in the distributions, and small changes in energy 
with large cross sections are difficult to distinguish 
from larger changes with smaller cross sections. It is 
impossible to simultaneously determine PfJ and the in
elastic collision cross section with reliability. For 
C-B transfer this situation is alleviated because the 
IB/le ratio identified the cross section (or magnitude of 
k T ), and the model for P~ can be determined more re
liably. 

For He and Ne we used the same general form for P0 
and PfJ as for the Ax case and varied the parameters 
until a successful fit to the data was found. The best 
transfer model for He was with C =0. 2, ! =0. 9, T, =0. 15 
with Ta-T4 the same as for Model C, and a COllision 
diameter of 4 A. This gave kT of 0.5-1. 8, 1. 8-2. 5, 
and 2.5-2. 5X 10-11 cm3 molecule-1 sec-1 for the lOw-, 
mid-, and high-v ranges, respectively. For vibrational 
relaxation a range of parameters could be used with 
nearly equal success. For example, with Ra-R4 the 
same as for Model C, successful fits were obtained 
with b =0.1-0. 5 and R1 =0.05-0.2. However, the best 
overall fit was judged to be for b =0.3 and R1 =0.11, and 
these values were adopted for the best fit to the He data. 
These gave kR =0.15-1.1, 1.1-2.5, and 2.5-4. 4x 10-11 

cm3 molecule-1 sec-1 for the 10w-, mid-, and high-v 
ranges, respectively. 

The neon results were much the same as for He. Re
laxation again cannot be determined accurately and sev
eral models could fit the experimental results satis
factorily. The best model (E) used R, =0.3, 0.01, and 
1.0-0.3; T,=0.3, 0.01, 0.7, and -0.5fori=1-4; 
andb=0.2, c=0.15, andd=0.87, withacollisiondiame
ter of 5 A. These parameters gave kT =0. 73-2. 6, 2.6-
3.5, and 3.5-3. 5X 10-11 cm3 molecule-1 sec-1 and k]/ 
=0.48-2.9,2.9-6.2, and 6.2-9.5x10-11 cm3 molecule-1 

sec- l for the low-, mid-, and high-v ranges, respec
tively. 

8. XeCI (high v) in krypton, xenon, and nitrogen 

In these bath gases the relaxation and transfer rates 
are faster than in AI. The simulated distributions could 
be represented by a high temperature Boltzmann distribu
tion at pressures as low as - 5 Torr. The problems en
countered in assigning the relaxation rate constants for 
He and Ne are not present here because significant 
changes in the distributions are observed below 1 Torr 
and both P'D and PfJ can be assigned in a straightforward 
way. For Kr we used the same model that was developed 

for the argon case. The best parameters are b =0. 5, 
c =0.5, and! =0. 8; R, =0.2, 0.01, 1. 0, and 0.3; and 
T,=1.1, 0.1, 0.7, and-0.5fori=1-4, with a colli
sion diameter of 7 A. ThesegavekR =0.6-2.7,2.7-5.5, 
and 5.5-7.3XlO-u cm3 molecule-1 sec-1 and k T =2.9-
11. 0, 11. 0-15. 5, and 15.5 -15.5 x 10-11 cm3 molecule-1 

sec-1 for the low-, mid-, and high-v ranges. The Kr 
transfer rate constants are only slightly larger than for 
Ax which is consistent with the IB/le ratios in Fig. 4(b). 
However, t he relaxation rate constants are significantly 
smaller than for AI and, in fact, are even less than for 
Ne. Yet the observed overall rate of vibrational relaxa
tion is faster in Kr than in Ax because more vibrational 
energy is lost per collision. Efforts were made to use 
a model with smaller loss of energy and larger kR to 
fit the Kr results but the fit to the simulated distribu
tions was not as good as for Model F. 

Xenon data could not be obtained using the flowing 
afterglow or resonance absorption method because these 
methods fail for high Xe pressures. Instead, XeCl* 
emission was obtained in the presence of Xe bath gas by 
flowing a - 1 % CIa mixture in Xe through a pulsed dis
charge and observing the XeCl* emission directly in the 
discharge; the details will' be reported elsewhere. 19 

This method is not specifiC in the excitation mechanism; 
i. e., XeCl* formation may result from Xe(6s) and Xe** 
Rydberg state atoms reacting with CIa or possibly even 
ion-ion combination. Furthermore, changing the Xe 
pressure may alter the distribution of excitation mecha
nisms. Preliminary interpretations19 indicate that the 
reaction of CIa with Xe** Rydberg states is an important 
mechanism for the discharge source because the inital 
vibrational distribution is much broader than the one 
from the Xeepa) reactions. Although a detailed analysis 
of the vibrational relaxation and transfer in Xe will have 
to await a fuller understanding of the excitation mecha,
nism, we estimate from the IB/le in Fig. 4(b) that kT 
-15-20xlO-11 cms molecule-1 sec- l for XeCl (high v) 
+Xe. The vibrational relaxation resembles the Kr case 
with (possibly) even more vibrational energy lost per col
lisions. 

Because Na also quenches Xee P1), the quality of the 
experimental data for XeCl* in Na was poor and no de
tailed calculations were performed. However, the ap
pearance of the spectra as a function of Na pressure 
closely resembles the Kr bath gas case. The IB/le ratio 
[Fig. 4(b)] is also similar to Kr. Although no quantita
tive results can be given, it appears that the magnitude 
of the rate constants and the form of P for Na should be 
quite similar to that for Kr. 

VI. DISCUSSION 

A. Reliability of rate constants and models 

Before interpreting our results in terms of molecular 
interactions, it is necessary to assess their accuracy. 
There are several factors affecting the magnitudes of the 
rate constants. While there may be some uncertainty 
in the populations associated with the assumed potentials 
and dipole moment function, they should be small on a 
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relative basis because all spectra were simulated using 
the same assumptions. In addition, the simulation of 
the B-X spectra was straightforward because the X po
tential is nearly flat in the Franck-Condon region. While 
the vibrational distribution gives the spacing and ampli
tude of the oscillating structure, the overall intensity 
distribution of the experimental spectra is governed by 
the dipole moment function, which could be determined 
reliably. 5 (b) Another possible factor could be our neglect 
of the B-A transition which overlaps the C-A emis-
sion. As a result, the B-A and C-A would have to be 
deconvoluted to obtain the true C-A emission. However, 
there is no systematic way to do this and the overall 
change of the emission as the pressure is increased 
is not large enough to warrant this correction. A more 
important consequence of correcting for the B-A is the 
increased IB/Ie values implying larger kT for XeCl (C, 
high v). Using the two-state mode14 (a),7 discussed 
earlier, calculations were performed to derive kT based 
on the corrected IB/Ie plots. In all cases the kT in
creased by 30%-50%. However, the two-state model re
quires values for the lifetimes of both the Band C states 
and the original kT could be recovered with a similar 
adjustment of the lifetimes. Based on these results, 
we conclude that the most important variable affecting 
the magnitude of the rate constants is the lifetimes used 
in the calculations. Since these are only good to - 30% 
and since the population distributions are uncertain to 
± 10%, the magnitude of the rate constants are no better 
than ±40% on an absolute basis. The relative values 
should be better than this. In general, the kT should be 
more reliable than kR for two reasons: (1) the experi
mental IB/Ie defines the magnitude of kT (subject to the 
above-mentioned qualification), and (2) the simulated 
distributions of the B state are more reliable than for the 
C state. Thus modeling the B-state distribution while 
simultaneously fitting the IB/Ie ratio in the low pressure 
regime provides a reliable estimate for kT (high v). 
Of course, relaxation and transfer are not independent 
and, since kT depends on vibrational level, the rate at 
which C relaxes will have an effect on the rate of trans
fer. This was noted previously with Model B, which 
overestimated kR in the mid-v range, causing fast vibra
tional relaxation and, consequently, the transfer rate 
decreased too quickly. Nevertheless, the - 40% estimate 
should provide a reliable limit to the accuracy of our 
results for kT and k R • The values for kT (high v) deduced 
from modeling agree favorably with the estimates from 
a two-state model (Sec. II) affirming that the high-v 
level assignments must be reasonably reliable. 

With the above comments in mind, a glance at Table 
II reveals the following points: 

(1) The kT increase in the order He<Ne<Ar<Kr<N2 

-Xe. 

(2) The kR increase in the same order except for & 
(and possibly Xe). 

(3) Both kR and kT depend on vibrational level, in
creasing in magnitude with increasing v. 

(4) The sum of kR +kT is nearly gas kinetic in magni
tude for the high v. 

v 
0 B 20 40 60 80 100 

C 

• 
• • 

• • * * •• 
1.0- * • • • • • • 

* * • • • • 
• .. • * • • • * * • • 

* * * • • • • • • * • • • • * • • • * • 
• * • * • o..'::!. • • • * • N • • * * • * * • • * •• 

0.1- • • •• 
* • * • • • * • • * • • 

• * • 
• • • • • • • * • * • • • * • • • 

• • * • 
* 0.01 
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Energy 103 em-I 

FIG. 13. Comparison of relative z'PIJ for Models A and B 
for starting v =20, 40, and 108. e=zpfJ (Model A), • =zP~ 
(Model B), and * =zPfJ (Model Bl. 

(5) As the bath gas becomes heavier, kT becomes 
increasingly important relative to kR and dominates 
for Kr (and Xe?). Figure 13 shows a plot of z P,j (state
to-state rate constants) vs t::..E for Model A, z PiJ and 
z P,~ for models Band C for v = 108, 60, and 20, For 
v = 108, the magnitude of PfJ is Similar for models A 
and B. The slight difference in shape is due to the in
clusion of the 1/ t::..E term in Model A. 

Because of the large number of vibrational levels and 
multiple colliSions involved in a steady-state system, 
unique solutions to PfJ and piJ are not possible. How
ever, the models we developed for pfJ and PfJ are useful 
for contrasting the relaxation and transfer in the various 
bath gases. Time-resolved studies would be required 
to obtain better transition probability matrices. 

It is evident from Fig. 13 that the mean energy loss 
per transfer collision is greater than for relaxation; 
however, the variation of piJ with t::..E is nearly the 
same as PfJ for t::..E~0.15 E J• An exponential gap model 
could not be used to fit transfer. For t::..E S E J it was 
necessary to reduce the transfer in this t::..E range so that 
the B vibrational distribution would relax fast enough 
and still match the IB/Ie ratio. However, the bulk of the 
transfer takes place with t::..E similar to relaxation. 

In Fig. 14 the difference in PiJ and prj for He and Kr 
are contrasted. As can be seen, the results are quite 
different for the two bath gases. Both transfer and rela
xation in Kr involve loss of large amounts of vibrational 
energy and significant probability for large quantum 
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FIG. 14. Comparison of Pl'J (upper panel) and pfJ (lower) for 
He (Model D) and Kr (Model F) as bath gases. To emphasize 
the differences between the two models, the maximum Po have 
been normalized to 10. 

transitions. In He the 11J and pJJ are grouped more 
sharply around the initial level. Both Ne and Ax lie be
tween the extremes for He and Kr. 

B. Interpretations of models 

Before discussion of rare gas-XeCI interaction po
tentials, our results will be compared with pertinent 
data in the literature. Most studies of vibrational re
laxation in diatomic molecules have focused on low vi
brational levels where the spacing between levels AE is 
greater than kT. In the present case, the inelastic cross 
sections are large and the AE<kT. For this reason we 
compare our results with vibrational deactivation of 
KBrt (t represents vibrational excitation) formed from 
K+Br2 • The relaxation of KBr seems an ideal choice 
for several reasons: (1) reaction of Xe* + Cl2 is in many 
ways5 similar to K + Br2 and both XeCI* and KBr have 
<Ey> of -40 kcal mole-1; (2) both KBr and XeCI* are ionic 
in nature; and (3) an extensive amount of work has been 
reported on the vibrational deactivation of KBr. Fisk 
and co-workers studied KBr relaxation via observation 
of inelastic scattering of KBr for several collision 
partners. 20 In addition, both trajectory studies of KBr 

+ Ar21 vibrational relaxation and an information theoretic 
analysis of experimental data have been reported. 22 We 
first compare our results with their data by the informa
tion theoretic approach. Since KBr was studied by beam 
techniques, the experimental data consist of the flux 
density of scattered KBr as a function of center of mass 
scattering angle and relative velocity. 20 The information 
theoretic analysis of Crim and Fis~2 compared the mea
sured translational energy distribution P{fT), wherelT 
is the fraction of initial energy appearing as product 
translational energy, with a prior of reference distri
bution p°{fT). The appropriate prior for diatomic
atomic colliSions in the rigid rotor-harmonic oscillator 
limit is 

(19) 

where AT is a normalization constant. 

Apparently P{f T) was obtained by averaging over the 
experimentally observed center of mass angular range 
(- 45 ° -80 0). 22 Since there is a significant correlation 
between the scattering angle and the KBr translational 
velocity distribution, these "average" experimental dis
tributions may not be good representations of the total 
distribution. However, the reported distributions are 
clearly two component with one component (the larger) 
centered around the elastic limit and the second centered 
around a large inelastic transfer. These two components 
give two linear regions on the surprisal plot. 22 

To facilitate the comparison, we give our results in a 
similar manner. Because the initial internal energy of 
XeCI* is large (E"", -40 kcal/mole for Xe* +CI2 ), the 
total energy of the rare gas +XeCI* collision is approxi
mately fixed. Furthermore, if vibrational to translation
al inelasticity is the dominant deactivation mechanism, 
IT for PiJ is given by 

_ Ef-E j 

IT - E +kT • 
J 

(20) 

The distributions P{fT) and p°{fT) for various bath gases 
are shown in Fig. 15 for XeCI (v =100) along with the 
surprisal I{f T) 

(21) 

If the surprisal is linear, the departure of P{fT) from 
p°{fT) can be described by a parameter A, where 
A =dI{fT)/d{fT)' 

If A =0, relaxation takes place statistically while a 
positive or negative A indicates relaxation occurs with 
transfer of less or more than the statistical amount of 
energy, respectively. As can be seen from Fig. 15, 
the surprisals are linear for He and Ne but deviate from 
linearity for Ax and Kr. However, a linear plot can be 
forced and the A values given in Table III range from 
17.6 for He to 1. 5 for Kr. In Fig. 13 it was shown that 
Models A and B predict PfJ which deviate slightly from 
each other. This deviation is largest for large AE 
transitions (1. e., large IT) and, consequently, the sur
prisals shown in Fig. 15 should be regarded as uncertain 
in this region. Hence the linear surprisal parameters 
were obtained only from pOints with IT < O. 7. All of the 
surprisals show a marked difference (positive deviation) 
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FIG. 15. Comparison of translational energy distributions 
PifT) (--) (lower) and the corresponding surprisals (upper), 
calculated from Eq. (21) for the various bath gases. Because 
the calculations included only every fourth level, the origin of 
IT is 0.05. 

from the statistical case. A similar analysis for piJ gave 
the same qualitative trends for the bath gases but with 
A reduced by a factor of - 2 relative to PfJ' The large 
positive A for He indicates collisions with XeCI* are 
nearly elastic, i. e., little energy is tran~ferred from 
XeCI* into translation. Collisions with Kr, however, 
distribute large amounts of initial vibrational energy 
into translation and bring about rapid equilibration of 
translational and internal degrees of freedom. Although 
modeling was not attempted for Xe as the bath gas, the 
trends evident in Table In would predict that Xe-XeCI* 
collisions bring about a statistical or near-statistical 
exchange of energy. 

The results of the surprisal analysis are contrasted 
in Table III with the results of vibrational relaxation of 
KBr. As already noted, Crim and Fis~2 found two 
linear regions in their surprisal plot for inelastic scat
tering of KBr. The component at low f T gave a large 
A consistent with nearly -elastic scattering and the f T 

> O. 2 component gave A -0 which corresponds to nearly
statistical redistribution of energy. The I(f T) in Fig. 
15 for Ar and Kr also could be apprOXimated by a two
component distribution similar to thatfound for KBr. 
The distributions of Crim and Fisk strongly resemble 
the sum of an exponential P IJ 0: exp(- M IJ Ib) and linear 
PliO: aMiJ distribution. However, theirs is a much 
more extreme form than our Model A. We must con
clude that, although the two transition probability models 

are qualitatively similar, they differ significantly at the 
quantitative level. This disagreement could be a conse
quence of the lack of inclusion of all scattering angles 
in the beam studies, the difficult in obtaining Single col
lision transition probabilities from our steady-state ex
periments, or a real difference as a consequence of the 
different intermolecular potentials (see next section) 
for KBr and XeCI + rare gas. 

Included in Table III are the mean energy loss colli
sions for XeCI relaxation and transfer and for KBr relax
ation. For Ar and Kr, the (M) for XeCI is the order 
observed for KBr deactivation. However, Ne app~ars to 
deactivate KBr much more efficiently than XeCI* . In 
fact, Ne appears to deactivate KBr more efficiently than 
Ar, which is contrary to what one would expect. Simple 
theory as well as experimental evidence indicates that for 
efficient coupling, the collision time and the vibrational 
period of the oscillator should be closely matched. For 
light molecules in low vibrational levels with large vibra
tional frequencies, this results in lighter gases, e. g. , 
He, being more efficient for vibrational relaxation. For 
KBr or XeCI* in high vibrational levels, the oscillator 
frequency is small, and slower collisions may be more 
efficient for deactivation. The mean collision time Tc 

was estimated23 for an interaction length of - 2 A and the 
mean velocity at 300 OK, v = (8kT In JJ.)1/2. For XeCI* (v 
=100) the vibrational period Ty is -4.5xl0-13 sec, and 
TcITyis-0.3, 0.5, 0.7, 1.0, and 1.1 for He, Ne, Ar, 
Kr, and Xe, respectively. The match of Tc and Ty is 
best for Kr and Xe which is consistent with larger (M) 
results in Table III. Of course, the interaction po
tentials also are more attractive for the heavier rare 
gases. 

In an effort to determine the features of the interac
tion potential that were important to KBr vibrational 
deactivation, Matzen and Fisk performed a classical 
trajectory study for the KBr +Ar system21 using three 
different potentials. Surface I, the best surface, was 
constructed empirically from the two-body interactions 
of K", Br-, and Ar and an Ar-KBr interaction term. 
Surface II was like Surface I but ignored all attractive 
interactions. Surface III was similar to II but sub-

TABLE III. Summary of energy disposal. 

Bath gas 
Relaxation Transfer 

gas (AER)a ",b (AET)a ",b 

He 2. 1 17.6±0.4 5.0 9.9±0.3 

Ne 3.0 1l.2±0.4 6.4 6.6±0.3 
(~15.W (34.0, 0.5)C 

Ar 5.4 4.7±0.4 8.3 3.5±0.3 
(~10. O)C (16.0, 0.8)C 

Kr 9.0 1. 5±0.4 12.5 0.4±0.2 

aMean energy loss in kcal/mole for relaxation (AE R ) = U'fJ 
AE /U':i' (AE T ) = ~pri AE /~pfi' 

I>r..inear surprisal parameter; the error represents standard 
deviation to a least-square fit. 

·Second entry in parenthesis refers to the two components of the 
vibration relaxation of KBr (from Crim Ref. 21). 
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stituted a spherically symmetric attractive part for the 
Ar +KBr interaction. The major differences in the po
tentials were the attractive interactions. Surface II was 
purely repulsive while the attractive features of I and II 
were of the same strength but of different shape. On I 
the incoming Ar is attracted preferentially to the K"' end 
of KBr while in III the interaction is symmetric. 

The results and conclusions of the trajectory study 
which are pertinent to XeCI* relaxation can be sum
marized as follows: 

(i) Both the shape and strength of the attractive inter
actions were important. Surface I gave the best agree
ment with experimental results and the calculated dis
tribution did have a two-component nature. 

(ii) The strength of the attractive interaction deter
mined the magnitude of the inelastic cross section and 
both I and III gave higher calculated cross sections than 
II. 

(iii) The shape of the attractive potential was im
portant in determining the average amount of energy 
transferred. For KBr + Ar, collisions with the K+ end 
results in larger inelasticities than collisions with the 
Br- end, and surface I, which attracted the incoming Ar 
to the K+ end of KBr, gave larger inelasticities. 

(iv) The high energy component was associated with 
strong repulsive interactions. Although attractive in
teractions were important in bringing the collision part
ners together, large inelasticity was shown only for tra
jectories which sampled the strongly repulsive regions 
of the potential energy surface. 

The XeCl situation will be more complicated than for 
KBr-Ar because of multiple surfaces with differing de
grees of attractive and repulsive character and because 
of the coupled vibrational relaxation and electronic state 
transfer channels. 

Although accurate potentials are not known for XeCl*
Rg, qualitative features can be estimated from ab initio24 
and diatomic -in-molecules25 calculations which have 
been reported for some homonuclear trimer systems, 
Rg2X (Rg = Ar, Kr and X = F, Cl). The three lowest 
states of Rg2X are covalent and repulsive and correlate 
to RgX(A or X) and Rg; these states are of no import
ance here. The next three higher states are ionic in na
ture and bound relative to Rgz + X-. Only the lowest ionic 
state (2 2 B2 in C2v geometry) though, is bound with re
spect to RgX* +Rg. The most stable geometry of this 
lowest ionic state is an isosceles triangle. For the mixed 
rare gas trimers, such as RgXeCI, the above potentials 
will be altered somewhat. First, the isosceles triangle 
geometry will be distorted with the Rg atom drawn closer 
to the Xe end of XeCl. Secondly, RgXeCI trimers would 
be expected to be much less strongly bound than Xe2CI, 
paralleling the decreasing binding energy of RgXe+ vs 
Xe;. In fact, emission from both Xe2CI* and KrXeCI* 
has been observed. 26,27 Of the lighter RgXeCl *, only 
ArXeCI* would be (possibly) weakly bound by more than 
van der Waals forces. According to the calculations, the 
bound Rg;X- state correlates with RgX(C) and the next 
higher ionic (3 2 B2 in C2v or 4A' in C s geometry) state 

RgX· 
+ Rg 

Rg- Rg-X 

2 

180· 

Rg 

~X 

120· 
u 

Rg 
/ \ 

Rg-X 

+Rg 

60· 

FIG. 16. Schematic RgRgX* potentials as a function of at the 
Rg-Rg-X bond angle, and the separated Rg+RgX* states to 
which they correlate. The potential is drawn for a bound 
trimer, i. e., KrXeCI* or Xe2CI*. The C 2v geometry is 
realized only for Xe2CI*. For the lighter rare gases all the 
curves become less attractive and finally strictly repulsive in 
the series Ar < Ne < He. 

with RgX(B). The approach of Rg to XeCI(C).in C. geom
etry gives an A' and an A" state (neglecting spin-orbit 
interaction) depending on whether the sideways approach 
of Rg to XeCI is head on or perpendicular to the singly 
occupied II orbital. The approach of Rg to XeCl(B) gives 
only an A' state as shown in Fig. 16. If the C state is 
higher in energy than the B state, this results in a curve 
crossing which can lead to collisional coupling of RgX(B, 
C). Since XeCI(C) is actually lower in ener'gy than 
XeCI(B), the Rg +XeCl(C) potential should correlate 
adiabatically to the lowest ionic state of RgXeCI* (3A' 
in Cs geometry) as shown in Fig. 16. The Rg +XeCl(B) 
potential is repulsive and the interaction of the two A' 
states should be small and collisional mixing of XeCI* (B, 
C) should be slow, which is contrary to observation. 
However, the ab initio calculations show that the collinear 
approach of Rg to RgX* is also attractive, although the 
binding is not as large as for the C. approach, as shown 
in Fig. 16. In this case approach of Rg to XeCI(B) is 
attractive, while Rg +XeCl(C) is repulsive. However, 
the states are of different symmetry, and coupling of 
XeCl(B, C) via this approach would also be weak unless 
spin-orbit interaction is included. For such heavy atoms 
as Kr or Xe this could be of importance and lead to mix
ing of XeCI(B, C). Even though spin-orbit effects allow 
mixing of XeCl(B, C), the efficiency of this transfer is 
still surprising. Furthermore, the rapid B-C transfer 
holds for all RgX moleculesS. 4 regardless of the B - and 
Costate ordering and the magnitude of the spin-orbit in
teractions. Thus the asymptotic properties of Fig. 16 
are not critical for highly vibrationally exc ited molecules 
(they may well be of importance for v =0-5 levels when 
the transfer rates are 1 or 2 orders of magnitude small
er). Figure 16 also portrays the behavior of the adia
batic potentials as a function of a, the angle between the 
Rg-Rg-X bonds. As a increases from - 60 0 to the lin
ear configuration (180 0

), the 3 A' and 4 A' give rise to an 
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avoided crossing. This crossing will exist for all RgX* 
+Rg and presumably is responsible for electronic state 
transfer. Apparently the large amplitude motion on the 
potential curves by highly vibrationally excited RgX* will 
lead to frequent sampling of this region where the po
tentials interact. Furthermore, collisions of both 
RgX(E) and RgX(C) can sample the lowest potential de
pending on the approach angle of Rg. 

The KBr-Ar trajectory study found that the strength of 
the attractive interaction determined the magnitude of the 
inelastic cross sections. This behavior is generally fol
lowed here for He-Ar. However, for ~r the relaxation 
rate constants were much slower with C-B transfer 
dominating. Only for Kr (and Xe) would the 3 A' potential 
be significantly bound, and transfer may dominate over 
relaxation for this reason_ 

Simple theory would predict that Ar striking the K' 
end of KBr would result in larger inelasticities than Ar 
striking the Br" end because K+ is much lighter than Br". 
In XeCl* the attraction is to the Xe+ end rather than the 
lighter Cl", and our results show somewhat smaller inelas" 
ticity for Ar or Ne than in KBr. Because of the stronger at
tractive interactions and presumably softer repulsions for 
XeCl *, the present results suggest that the attractive inter
actions playa more dominant role in XeC!.* + Rg than KBr 
+ Rg. Greene et aT., 28 in studying the inelastic scattering of 
CsI by Ar and Xe, suggest that short lived complex may 
be formed at low collisions energies. Their results fit 
statistical partitioning of the total energy. Greene et 
al. also suggest that in the interaction of a highly ex
cited ionic molecule, such as KBr or CsI with Ar, that 
during the bond extension of the vibration the interaction 
may resemble Ar interacting with K'. Such an interac
tion is much stronger than with the molecule leading to 
stronger attractive interaction during the collision. For 
XeCl* +Rg this effect will be enhanced because RgXe+ 
is chemically bound (at least for Rg =Kr, Xe) whereas 
in ArK' the attraction is only electrostatic in nature. 
We see some evidence for this because of the depen
dence of the rate constants on vibrational excitation. 
For the high v the attractive interaction is stronger and 
leads to larger inelastic cross sections as opposed to the 
low-v levels where the interaction is more like the 
weaker Rg-XeCl interaction. 

VII. CONCLUSIONS 

From computer simulation of the XeCl(E-X) and 
XeCl(C-A) bound-free emission spectra in He, Ne, 
Ar, and Kr bath gases, the vibrational and electronic 
state distributions were assigned for a range of pres
sures. State-to-state rate constants for vibrational re
laxation and electronic state transfer have been assigned 
for XeCl* (E, C) +Rg collisions by master equation cal
culations fitting the variation of the vibrational distribu
tions with Rg pressure. The electronic state transfer 
rate constants for the v = 70-130 range varied from 
2. 5-15x 10"11 cm3 molecule"1 sec"1 for the He-Kr series; 
the vibrational relaxation rate constants are comparable 
with the exception of Kr which is smaller than for Ar. 
The magnitude of both the relaxation and transfer rate 
constants decline by an order of magnitude from v = 100 

to v ~ 10. The model for state-to-state vibrational re
laxation is adequately represented by the exponential 
gap law. For electronic state transfer the change of 
vibrational energy is larger than for the collisions giving 
vibrational relaxation without change in electronic state, 
and the model is Poisson in nature. The larger loss of 
vibrational energy associated with electronic state
changing collisions is explained by the attractive potential 
involved in interconversion of the XeCl(B) and XeCl(C) 
states. 
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