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Collisional dissociation and chemical relaxation of alkali halide molecules: 
2000-4200 K 

Richard Milstein and R. Stephen Berry 
Department of Chemistry and the James Franck Institute, The University of Chicago, Chicago, Illinois 60637 

(Received 3 October 1983; accepted 6 January 1984) 

Shock-induced dissociation and the subsequent chemical relaxation processes of diatomic alkali 
halide molecules have been studied by time-resolved absorption spectrometry of alkali atoms, 
halide ions, and alkali halide molecules. The salts studied in detail are NaCl, KBr, RbCl, RbBr, 
CsCl, CsBr, and CsI. Rate coefficients have been determined in the temperature range 
2000--4200 K for these processes: collisional detachment by argon Ar + X--+Ar + X + e; 
ionization of alkali atoms by thermal electron impact e + ~ -+2e + M+; ion-ion neutralization 
M+ + X--+~ + Xo; collisional dissociation to ions Ar + MX-+Ar + M+ + X-; and finally, 
collisional dissociation to atoms Ar + MX-+Ar + MO + XO. The branching ratio (probability of 
dissociation to atoms)/{probability of dissociation to ions) is, in all cases studied, favorable to 
formation of ion pairs, relative to the equilibrium distribution of atom pairs/ion pairs. However, 
in every case except CsI, the primary collisional dissociation process gives a significant fraction of 
atom pairs. 

INTRODUCTION 

The dissociation and recombination processes of the di
atomic alkali halide molecules have traditionally been proto
types for studying the molecular curve-crossing problem. 
The large electron affinities of the halogen atoms and the 
small ionization potentials of the alkali atoms put the energy 
of a widely separated ion pair only a little above the energy of 
the corresponding pair of neutral atoms in their ground 
state. The similarities among the systems of potential curves 
for the alkali halides, the variety of internuclear separations 
at which their crossings or avoided crossings occur, and the 
inherent appeal of the simple ionic-covalent picture make 
these molecules an ideal array for probing the relationships 
between molecular parameters and the degree to which the 
adiabatic noncrossing condition is satisfied. We have dis
cussed this background in connection with the work which 
led to the investigations described here. 1,2 

The dissociation and curve crossing processes of alkali 
halides have been inferred from the character of the molecu
lar spectra.2- S These processes have been studied more di
rectly in time-resolved observations of shock-heated va
pors; 1,6-12 the work described here has pursued this line of 
attack. Finally, crossed beam studies of the collision process 
of rare gas atom with alkali halide have been underta
ken. I3-IS (We shall not discuss here the beam studies involv
ing collisions of an alkali atom with a halogen atom; clearly 
these will be germane to any microscopic interpretation of 
the dissociation process.) The general situation has reached 
this point: it is clear that the dissociation of some alkali ha
lide molecules, from their ground electronic states, produces 
an overwhelming preponderance of separated pairs of neu
tral atoms. This is the case for the lithium salts and for NaBr 
and NaI. It is also clear that many of the other alkali halides 
dissociate to give a nonequilibrium distribution of atom pairs 
and ion pairs; the actual ratios strongly favor the ion pairs, 
relative to the equilibrated distributions. If the time resolu-

tion of the measurements is high enough, then the ratio of 
atom pairs to ion pairs formed in the earliest stages of disso
ciation can be interpreted as the branching ratio for dissocia
tion into the two channels. The actual values of these 
branching ratios have been the subject of some controversy. 
The measurements of the Chicago group,I.6 and of Mandl 
and co-workers,8-1O have been interpreted to indicate that 
the cesium salts, the rubidium salts (with the possible excep
tion of RbI) and KCl and KF dissociate overwhelmingly to 
ion pairs of the form M+ + X-. The Gottingen results7

,l1 

have been interpreted to mean that, although the relative 
concentration of ion pairs formed in the primary dissocia
tion is far higher than at thermal equilibrium, quite generally 
many atom pairs are also produced in the primary dissocia
tion step, even for the cesium salts. The beam experiments 
have shown that the cross sections for production of ion 
pairs are large enough to be entirely consistent with the in
terpretation that a large fraction of dissociating cesium and 
rubidium halides become ion pairs. 

The measurements on which these various inferences 
are based are (with the exception of the beam experiments) 
spectrometric and time resolved. Mandl and co-workers 
monitored the absorption by F- in its photodetachment 
continuum; the Gottingen group monitored the absorption 
by neutral molecules and halide ions or by a combination of 
neutral molecule absorption, and in a few cases, emission by 
excited alkali atoms; the Chicago group monitored absorp
tion by neutral alkali atoms and by halide ions. 

The alkali halides are an interesting set of systems in the 
temperature range discussed in this paper, roughly 2000-
4200 K, because there are essentially only six species present 
apart from the carrier gas: the alkali halide MX, the neutrals 
MO and XO, the alkali ion M+, the halide ion X-, and elec
trons. (A related paperl8 gives results overlapping the upper 
end of this temperature range, extends to higher tempera
tures, and reviews the subject generally.) There are three 
constitutive equations, the mass balance for alkali, halogen, 
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and charge balance. Therefore, if the initial salt concentra
tion is known, to complete the equations of mass balance, 
measurement of any three concentrations as functions of 
time completely determines the entire system. Amusingly, 
none of the groups working on this problem have heretofore 
made use of the full set of data that one can obtain from 
shock-heated, dissociating alkali halides, although there is a 
range of temperatures and concentrations where this is pos
sible. It has been the purpose of this investigation to monitor 
the "complete" set of variables for as many alkali halides as 
we could, under as wide a range of temperatures and pres
sures as feasible, and to infer from these measurements the 
most consistent set of reactions and rate coefficients that we 
could find to describe these systems. In effect, we have 
looked, not at the kinetics of a single reaction, or at a single 
species in a series of related reactions, but at a set of intercon
nected reaction systems, with a presumably complete set of 
data for each reaction system. Moreover, we have attempted 
to describe not only the initial stages of dissociation, but the 
complete history of the reacting system for each shock-heat
ed salt, from the beginning of the dissociation process to the 
attainment of chemical equilibrium. As we shall see, the con
straints of such an elaborate analysis leave little room for 
alternative interpretations, at least at the level ofunambigu
ous fitting of a set of phenomenological rate equations and 
rate coefficients. The relations between the rate laws that fit 
the observations and the interpretation of mechanism at the 
microscopic level are discussed in Ref. 18. 

The'salts we report here are NaCl, RbCI, CsCI, NaBr, 
KBr, RbBr, CsBr, RbI, and Csl. In all cases, the carrier gas 
was argon. For each shock, the concentrations of three spe
cies were measured by time-resolved absorption spectrom
etry: the neutral metal MO, the halide X-, and the molecule 
MX. The experimental concentration profiles were com
pared with profiles based on the equations of a specific mech
anism; the mechanism and its rate coefficients were varied 
until a satisfactory match could be produced between the 
experimental data and the theoretical model. The model was 
tested fairly extensively for possible multiple sets of solu
tions; only one physically reasonable mechanism and set of 
rate coefficients could be found to describe the data. 

The kinetic model for this work is based on the follow
ing eight equations, and the corresponding reverse reactions: 

Ar+MX-Ar+M+ +X-, (1) 

Ar+MX-Ar+ MO+Xo, (2) 

Ar + X--..Ar + XO + e , (3) 

e + X--2e + XO , (4) 

M+ + X-_Mo + XO , (5) 

MO+e_2e+M+ , (6) 

MX+e-..Mo+X- , (7) 

MX +e-..e + MO + XO. (8) 

Several other reactions were considered and eventually re
jected. A more elaborate model is treated in Ref. 18, primar
ily because it deals with higher temperatures. The results 
provide rate coefficients for reactions (1)-(6). The rate coeffi
cients for reactions (1), (2), and (3) are of order 10- 15 cm3/s; 

for the electron collision process (4), the rate coefficient is 
quite small, less than 10- 13 cm3/s; reactions (5) and (6) have 
rate coefficients of order 10- 10 and 10- 11 cm3/s, respective
ly. We shall consider these all in more detail in the discussion 
of results. First, however, it is appropriate to describe the 
experiments and the treatment of the data and of the model. 

EXPERIMENTAL 

The approach in this work is an extension of the shock 
tube technique we have employed previously. I Details of the 
tube and other basic equipment have been described pre
viously,16 and the technique of operation is discussed in the 
doctoral dissertation upon which the present discussion is 
based. 17 The tube itself has a square cross section with inside 
dimension of 3-1/2 in. on a side. Salt is introduced into the 
argon carrier gas as a smoke generated by heating a ni
chrome ribbon filament onto which the desired salt had pre
viously been melted. The filament, flush with the tube wall, 
is about 4 in. from the end wall. 

Experiments were carried out as follows. The smoke 
was prepared in the argon, so as to generate a concentration 
of about 0.1-0.01 mol % of salt in the carrier. The shock was 
released by a bursting diaphragm; its velocity was deter
mined both by the pulses generated by its passa~e by three 
thermal resistance gauges (Pt painted on glass) and by the 
characteristic discontinuities produced by the shock front in 
the absorption spectra. 

The incident shock vaporized the salt, usually without 
dissociating it. The reflected shock, returning into the shock
heated gas, dissociated the molecules. Under the conditions 
of our experiments, with temperatures behind the incident 
shock of 1000-2000 K, and with partial pressures well below 
1 mm, no dimerization or polymerization occurs. 

Time-resolved absorption measurements were used to 
monitor the neutral alkali atoms, the halide ions, and the 
neutral molecules. The atoms and negative ions were ob
served by photographic spectroscopy with a rotating-drum 
spectrograph, with a folded light path traversing the shock 
tube in an essentially horizontal direction (actually defining 
a thin slab). The technique for these measurements was de
scribed previously.I.16.17 Most measurements were made 
with four passes of the light beam. The lamp intensity was 
steady after the first 25 f..ls; the duration of the absorption 
source was about 200 f..ls. 

Molecular absorption was studied with a 150 W Hano
via xenon lamp as a source, filtered through an interference 
filter with a 300 A bandpass around 2500 A. This region is 
one in which both molecules and halide ions absorb, but in 
which the molecular absorption is strong enough 19 that one 
obtains meaningful data on molecular concentrations after 
the contribution from negative ions is subtracted from the 
raw data. The negative ion absorption measurements were 
obtained in the regions near the thresholds, where molecular 
absorption is negligible and the interpretation ofthe contin
uous absorption is unambiguous. The intensity of the filtered 
light was monitored with an RCA IP28 photomultiplier and 
displayed on an oscilloscope (Tektronix 545B). 

The total time resolution for measurements of concen
tration was 2 f..ls or better. Molecules could be observed for at 
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least 15 J.ls in the region behind the incident shock. This is 
long enough that the molecules experience several hundred 
thousand collisions, so that it is a very good assumption to 
suppose that vibrational equilibration occurs in this region. 

DATA ANALYSIS 

The spectroscopic data were reduced by taking micro
densitometer scans of intensity as a function of wavelength, 
at intervals corresponding to 2 J.ls of laboratory time (and to 
time in the gas behind the reflected shock as well) to 16 J.ls, 
and at 4 J.ls intervals thereafter, following the reflected shock 
front. Each batch of film was calibrated with a seven-step 
neutral density filter. The spectral scans were deconvoluted 
according to the method of Brodersen,20.21 with the assump
tion that the lines are Lorentzian; the slit function was as
sumed to be triangular and the width of this function was 
determined by measuring the widths of instrumentally 
broadened krypton lines. 

The molecular absorption was obtained by subtraction 
of the halide concentration, based on the photographic mea
surements, from the photoelectrically measured absorption 
in the 2500 A region. A separate measurement of this sort 
was necessary to find the third concentration because the 
range of the spectrograph was only sufficient to permit the 
metal atom and halide ion concentrations to be measured, 
when the dispersion was high enough to permit the alkali 
absorption lines to be used to determine concentrations. 

The experimental points were fit, for later computa
tional convenience, with simple functions; the halide con
centrations were represented with three exponentials, the 
metal atom concentrations with two exponentials, and the 
molecular concentrations, with Chebyshev polynomials. In 
all cases the least-square fits were well inside the experimen
tal scatter and precision of the measurements. Typically, the 
deviations from the mean square percentage deviation Of 
were between 5% and 10% for the alkali atoms and halide 
ions, and between 1 % and 5 % for the molecules. 

We have previously noted that our systems consist of 
six species in addition to the argon carrier gas: MX, MO, XO, 
M+, X-, and e. At all times, these constitutive equations 
apply: 

[e] + [X-] = [M+], 

[MX],~o = [MX] + [X-] + [Xo] , 

and 

(9) 

(10) 

um, or of the constant [MX], ~ 0' the total salt concentra
tion behind the reflected shock, fixes all other quantities 
when equilibrium is reached. 

The photoabsorption cross sections have been reported 
for the halide ions22-24 and the alkali halide molecules, 19 as 
have oscillator strengths for the alkali lines. 25-29 Our obser
vations of these three species therefore constitute three inde
pendent measurements, each of which is sufficient to deter
mine the concentrations of all the species at equilibrium. 
Hence the system is well overdetermined, and we can exa
mine the mutual consistency of the absorption cross sections 
and oscillator strengths. 

The details of the investigation of oscillator strengths 
and absorption coefficients are given in the Appendix. In 
general, we found that the molecular and halide ion absorp
tion cross sections are consistent with each other and with 
the data, but that the published values of some of the oscilla
tor strengths for the alkali atomic lines were not consistent 
with the rest of our data. We selected a "most self-consis
tent" set of absorption coefficients and oscillator strengths, 
and, from these, determined the concentrations. The halide 
ion cross sections are, within the uncertainties of our experi
ments, those given by Steiner, Seman, and Branscomb22.23 

and by Rothe.24 This is reassuring, because these determina
tions are based on very different methods, yet give consistent 
results. Moreover, the extinction curves of the halide ions 
are very flat for long intervals including the ranges of wave
length in which our measurements were made, so that the 
instrumental artifacts and difficulties associated with inten
sities of lines do not affect the measurements. Finally, the 
halide ion absorption coefficients are presumably indepen
dent of temperature, so that the problems of temperature 
dependence that might arise with the molecular absorption 
are not present for the halides. We therefore ultimately used 
the halide ion absorption cross sections as one primary stan
dard for determining concentrations. Cross sections typical 
of those we took for the halide ions are: CI-' 2x 10- 17 cm2 at 

o 0 ' 

3200 A; Br-; 2 X 10- 17 cm2 at 3400 A, and 1-; 2.2 X 10- 17 

cm2 between 3200 and 3800 A. The data are best summar
ized in Ref. 24. 

The molecular absorption cross sections at 2500 
( ± 150) A that we derived are given in Table I, together with 
the values measured by Davidovits and Brodhead. 19 Table II 
gives our derived values for oscillator strengths of the alkali 
lines we used, together with values reported previously. 

At equilibrium, three more equations must be satisfied: TABLE I. Molecular absorption cross sections at 2500 A. 

[Mo] [XO] 
K1 = [MX] , (12) a(cm2) X 10- II 

Salt This work Ref. 19 

[MO] [XO] 
K2 = [M+][X-] , (13) RbC1 1.21 ± 0.31 1.22 

CsCI 1.6 ± 1.0 0.95 

and KBr 1.25 ± 0.60 1.25 
RbBr 1.37 ± 0.51 1.37 

(14) 
CsBr 1.35 ± 0.20 2.17 
Rbi 1.90 ± 0.85 3.70 
Cs1 5.3 ± 3.6 3.56 

Thus, determination of only one concentration at equilibri-
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TABLE II. Absorption oscillator strengths for spectral lines of alkali 
atoms. 

Atom Transition f This work 

K 

Rb 

Rb 

Cs 

Cs 

a Reference 28. 
b Reference 49. 
c Reference 27. 

6p.---4s (1.73 ± O.70)x 10-4 

7~5s (3.8 ± 1.7) X 10-4 

8~5s (2.00 ± O.33)x 10-4 

9~ (2.6 ± 1.3) X 10-3 

IO~ (1.23 ±0.19)XIO-4 

d Reference 26. 
• Reference 29. 
fReference 25. 

KINETIC MODELING 

Other values 

2.25 X 10- 3" 

8.23 X 1O- 4b 

3.7 XIO- 3" 

1.87 XIO- 3b 

2.I03XIO- 3
" 

5.513X 10- 4' 
1.28 X 10- 3" 

5.363X 1O- 4b 

8.603 X 1O- 4d 

1.25 X 10- 3' 
3.83 X 10-" 

2.284X 10-4
b 

4.684X 1O- 4d 

6.49 X 10- 4' 

The Eqs. (1 )-(8) and the corresponding reverse reac
tions define the basic set of processes in our model. The 
branching ratio for dissociation into the atomic and ionic 
channels is equal to the ratio k21kl of the "forward" rate 
constants for reactions (2) and (1). 

Additional reactions were considered and were even
tually dropped. These excluded reactions are 

X- + X°--+2Xo + e- , (15) 

X- + X°--+X2 + e- , (16) 

MO+Ar--+M+ +e+Ar, (17) 

and 

MO + M°--+M+ + e + MO , (18) 

and the corresponding reversed reactions. The grounds for 
excluding these were as follows. Reactions (15) and (16) will 
compete with reaction (3), Ar + X---+Ar + X + e, but the 
thousandfold or ten thousandfold excess of argon over XC, 
even at equilibrium, will make reactions (15) and (16) insigni
ficant by comparison with reaction (3), even if the rate coeffi
cients for (15) and (16) are somewhat larger than those for 
reaction (3). As we shall see, the rate coefficients for reac
tions of the type (3) are, according to our results, about the 
same magnitude as those expected3

O-
34 for such processes as 

H + H---+2H + e, or 0 + 0---+20 + e, analogous to reac
tion (15), and comparable to those found for detachment of 
electrons from negative alkali ions in collisions with rare gas 
atoms.35 Moreover the only distinction between processes 
(15) and (16) is the free or bound character ofthe final state 
describing the relative motion of the heavy nuclei, and the 
mean cross section for associative electron detachment (16) 
is, if anything, smaller than that for the collisional process 
(15). 

Process (17) was omitted on the basis of the measure
ments by Haught of the rate of ionization of Cs in argon. 36 In 
those experiments, it was found that argon--cesium collisions 

made a negligible contribution to the ionization process, that 
process (18) generated the first few electrons, and that pro
cess (6) was responsible for almost all the ionization of ce
sium. In our system, process (3) generates electrons far faster 
than process (18), so that we cannot expect to get any mea
surable contribution from process (18), and therefore neglect 
it. 

The process 

M+ + e + Ar--+Mo + Ar 

was omitted because, according to Zel'dovich,37 "this pro
cess is of importance only for extremely low degrees of ioni
zation, less than 10-7_10- 10

." In our system, the three-body 
recombination of electrons with positive ions is achieved es
sentially entirely by the reverse of process (6), in which elec
trons act as the third body. 

The processes that were kept in the scheme call for a 
little comment. Dissociative attachment (7) was included be
cause this process does appear to play an important role in 
dissociation of the hydrogen halides.38 The rate for process 
(8) is quite unknown, but we can expect that if dissociative 
attachment is important, then the corresponding process 
that leaves the electron in a free final state will become even 
more important when the effective temperature or collision 
energy is high enough to open the channel for process (8). 
Moreover the scattering cross sections for electrons by alkali 
halides are large. 39 Finally, the charge exchange process (5) is 
included because of the known large cross sections for ion
ion neutralization.40.41 

The modeling process was carried out almost entirely 
on a Beckman EASE model 2132 analog computer. (A digi
tal method, based on a steepest-descents approach to a least
squares fit, was attempted. However this technique turned 
out to be unreliable because oflarge numbers oflocal minima 
in the function space that could only be sorted from true 
solutions by painstaking case-by-case comparisons with the 
data and with other solutions.) The use of the analog com
puter for solving our coupled rate equations is described in 
detail elsewhere; the techniques are standard. The data from 
each shock is treated independently. One arrives at a set of 
rate coefficients for a chosen shock by varying a set of poten
tiometers to obtain a best visual fit of the modeled rates to the 
experimental data, and then reads the rate coefficients off as 
values of the potentiometer settings. Best visual fits were 
obtained by graphing suitably scaled curves of the experi
mental data on transparent mylar sheets, taping these graphs 
onto the output display tube (iterative differential analyzer 
display or lOAD) and matching the output curves on the 
lOAD to the super-imposed graph. This way, all three 
curves, for MO(t), X-ttl, and MX(t) taken from a single 
shock, could be fit simultaneously. It turned out that the 
capability to fit all three curves at once was very important in 
eliminating false solutions. When optimum solutions were 
found, the potentiometer settings were recorded and the so
lutions were plotted on the conventional output chart of an 
x-y plotter linked to the analog computer. Finally, the accu
racy of the fit was determined by a comparison (on a digital 
computer) of the curves generated by the model and the ex
perimental points themselves. 

The experimental data could, in general, be fit by only a 
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narrow range of rate coefficients. However the fits did gener
ally lie well within the experimental error. In many cases, it 
was possible to get more than one satisfactory fit to one or 
even, in some cases, to two concentration curves for a given 
shock. However it was only possible to find a single fit for all 
three curves, for all the shocks we studied this way (29 with 
all three species, and an additional 9 with only two species 
measured, as checks). It was sometimes rather a problem to 
find the one set of constants that did fit the data. 

Only after a preliminary collection of rate coefficients 
was obtained, one set from each shock being analyzed, were 
the rate coefficients examined for consistency. This compari
son then enabled us to obtain a better set of values, which 
turned out, after iteration, to be essentially the final set. 

RESULTS OF THE ANALYSIS 

A. Modeling 

Typical fits of the modeled concentration curves to the 
experimental data are shown in Figs. 1-4. The quality of the 
fitting was estimated by a chi-square analysis as well as by 
direct evaluation of the percent deviation 8m of the experi
mental points from the modeled curves. Here, 8m is defined 
just as 8f was; except that the values on the model curveS 
replace those from the directly fitted curves. It was generally 
possible to obtain almost as good values for 8m as it was for 
8f . Moreover it was generally possible to obtain at least two 
shocks for each salt for which X 2 gave confidence limits of 
70% or higher for all three curves, fitted simultaneously. In 
some cases, the X 2 for one concentration curve, usually MX, 
would imply a very low confidence limit. Invariably in such 
cases it would tum out that the experimental points and 
model curve for the errant variable would be virtually paral
lel, deviating in a systematic way. Attempts to improve the 
fits in such cases were unsuccessful, and we were forced to 
assume that a systematic error had caused the deviation and 
the low confidence limit. Despite these apparent difficulties, 
the rate coefficients associated with the fits with low confi
dence limits are still rather close to those from the more 

9 K Br 7166 o Br-

a OK' 
l> KBr 

K'xlO l5 

0 

4 

3 
Bfxl014 

2 

I 
K Br x 1015 

00 5 10 15 20 25 30 35 

t (/L sec) 

FIG. I. Experimental points and modeled concentration curves for a typical 
shock with KBr in argon (shock no. 7166). 

Rb Br 7175 

o 

5 10 15 20 
t (/Lsec) 

o Br

D Rb' 
6 RbBr 

Rb' x 1015 

__ Rb 8r xlo l5 

25 30 35 

FIG. 2. Experimental points and modeled concentration curves for RbBr 
(shock no. 7175). 

satisfactory curves. The values of X 2, 8m , and 8f are given in 
Ref. 17. 

We attempted to fit the data with very small or zero 
values for the rate coefficient of reaction (2), corresponding 
to collisional dissociation to atoms. This was the best way to 
match the data for CsI, but for all the other salts reported 
here, it was not possible to neglect reaction (2). When this 
reaction was omitted, the data at early times, 0-3 J-lS follow
ing the reflected shock, could be reproduced but the concen
trations calculated for later times bore no resemblance to the 
observed data. 

B. Rate coefficients 

and 

Rate coefficients were determined for these reactions: 

Ar + MX---+Ar + M+ + X- , (1) 

Ar + MX---+Ar + MO + XO , 

Ar + X----+Ar + XO + e , 

M+ + X----+Mo + XO , 

Rb CI 7150 

0 D 
0 

D 
D 

6 

10 15 20 25 
t (/L sec) 

D 
Rb' x 1015 

CI-x 1014 

o CI-
D Rb' 
l> RbCI 

RbCI x 10
15 

30 35 

(2) 

(3) 

(5) 

FIG. 3. Experimental points and modeled concentration curves for RbCI 
(shock no. 7150). 
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o 0 

7 

Cs I 71124 

or 
eCs' 
II CsI 

Cs hlOI 
I 

o~~~--~--~--~--~----~--~ 
o 5 10 15 20 

t (JLsec) 
25 30 35 

FIG. 4. Experimental points and modeled concentration curves for CsI 
(shock no. 71124). 

(6) 

An upper limit of 10- 13 cm3 Is was found for the rate coeffi
cient of the reaction 

X- + e-+XO + 2e , (4) 

for X = CI, Br, and I. (The cross section for the analogous 
reaction with X = H was found to be - 4 X 10- 15 cm2 at 8.9 
eV,42 but the extrapolation to thermal energies is extremely 
hazardous. ) 

The reactions ( 1 ) and (2) were fit to Arrhenius plots with 

- -14 
~IO 
en 

........ .., 
E 
u 
~ 

I 0
' 
6 '---_'---__ '---__ '---__ '---__ '---__ .L.-____='_ 

2.4 2.6 2.8 3.0 3.2 3.4 3.6 x 10~ 

I I T (OK) 

FIG. s. Arrhenius plot for the collisional dissociation ofCsCI to ions, ac· 
cording to reaction (I). 

-13 
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cu en ........ .., 
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FIG. 6. Arrhenius plot for the collisional dissociation of CsCI to atoms, 
according to reaction (2). 

the form derived by Mandl9 from the theory of Bates and 
Flannery43 

k = AT-712 exp( - E IkT). 

Other rates were fit to the form k = A exp( - E IkT). The 
various data points were weighted in the Arrhenius plots 
according to their values of X 2. Typical Arrhenius plots are 
shown in Figs. 5-7 for reactions (1) and (2), in Figs. 8-10 for 
reaction (3), and in Fig. 11 for reaction (6). A full set of plots 
and tables of the kinetic data for these and other relevant 

FIG. 7. Arrhenius plot for the collisional dissociation of KBr to ions, ac· 
cording to reaction (1). 
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Ar+CI-- Ar +Clo +e 

o CsCI 

_IOI!) 
u 
CI.> 

'" ........ 
'" E 

u .... 
-16 

10 

FIG. 8. Arrhenius plot for detachment of electrons from Cl- by collisions 
with Ar, based on shocks in CsCI and RbCI. 

experiments with rubidium and cesium halides is given in 
Ref. 18. Note that the plots for detachment and ionization 
processes (3) and (6) (except for the 1- detachment reaction) 
include data from more than one salt. The internal self-con
sistency of the data from different substances has been strong 
reinforcement for our acceptance of the validity of the rate 
coefficients, the activation energies and the model itself. 

C. Collisional detachment 

The rate coefficients and activation energies for the 
collisional detachment reaction (3) are collected in Table III, 
at the temperatures for which the rates are most reliable. In 
the Arrhenius form, we obtain 

101 
o csar 
c Rbar 

'" Kar 

-16L---.JL--1_--'-_--l._--l._--'-_-! 
10 2.4 2.6 2.8 3.0 3.2 3.4 3.6 xl6"4 

liT (OK) 

FIG. 9. Arrhenius plot for detachment of electrons from Br- by collisions 
with AT, based on data from KBr, RbBr> and CsBT. 
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'" E 
~ 
...: 

-15 
10 

FIG. 10. Arrhenius plot for detachment of electrons from 1- by collisions 
with Ar, based on data from CsI. 

and 

k ICI-) = 9.64 X 10- 10 exp( - 87.8/RT) , 

k(Br-) = 3.S9X 10-1I exp( - 59.4/RT), 

k (1-) = 3.51 X lO-l1 exp( - 67.8IRT). 

(Preexponentials are in cm3/s; activation energies are in 
kcal.) The measured activation energies for CI- and 1- are 
close to the electron affinities of the respective atoms (83.69 
and 71.00 cal, respectively) but the measured bromide acti
vation energy is about 25% lower than the 77.92 cal electron 
affinity ofBr. This is within the uncertainty of our determin
ation of the activation energy. 

Collisional detachment rate coefficients were reported 

-15 
10 o Cs ar 

c Cs CI 

<> Cst 

1(5'~'--.4-2....L.6---L..--'---'--3""".4--3.'-6-x-IO-!-4 

FIG. 11. Arrhenius plot for ionization of CgO by electron impact. based on 
data from esCl. CsBr. and Cal. 
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TABLE III. Rate coefficients and activation energies jjE for the apparent reaction (3), Ar + X
~Ar + Xo + e. (This process is discussed in detail, particularly regarding the microscopic interpretation of 
these rate coefficients, in Ref. 18.) 

Ion T k (this work) k (Ref. 11) 

C1- 3200 K 9.7X 10- 16 cm'/s 7.IXlO- 16 

Br- 3000 4 X 10- 15 7.3X 10- 16 

1- 2400 2.3X 10- 16 <5 X 10- 16 

3125 6 X 10- 15 (I.4X 10- 14, 

calculated from 
A and4E, 
as given.) 

by Luther, Troe, and Wagner. II Their values are incorporat
ed in Table III, for the appropriate temperatures; in the Arr
henius form, their rate coefficients are 

and 

k(CI-) = 3.3X 10- 10 exp( - 83.0IRT) , 

k(Br-) = 3.5X 10- 10 exp( -78.0IRT) , 

k (1-) = 1.2x 10-9 exp( - 70.6IRT). 

These values are not seriously inconsistent with our own. To 
illustrate the sorts of uncertainties associated with these de
terminations, we note that Mandl, Kivel, and Evans,8(b) 
measuring the collisional detachment rate for Ar + P-, 
found that at 4500 ± 150 K, they obtained detachment rate 
constants ranging from 8X 10- 16 to 5x 10- 15. 

D. Charge exchange 

The temperature dependence of the rate of reaction (5) 
is small, as one expects in an exothermic process. The rates 
themselves, of order 10- 10 cm3 Is, are listed in Table IV, for a 
temperature of 3000 K. The effective cross sections, defined 
by the approximation (jeff = k IVrnean and the mean relative 
velocity Vrnean are also tabulated. These cross sections are 
much smaller than cross sections for ion-ion neutralization, 
as in the Na + + 0- process, for example,40,41,44 which are in 
the range of 10- 13 cm2

• This discrepancy is not easy to un
derstand, although there are differences between the systems 
that may help to account for the small cross sections in the 
case of the alkali halides. Pirst, the alkali halides exhibit 
crossings (or avoided crossings) of their ionic potential 
curves with the potential curves correlating to the ground 
configurations of their separated atoms, while the systems, 

TABLE IV. The rate coefficient and effective cross sections for reaction (5) 
M+ +X-~~+XOat 3000K. 

Salt k5(cm'/s) v(cm/s) 17ejf(cm2) 

RbCl 2.0X 10- 10 1.74X lOS LOX 10- 15 

CsCI 3.0XIO- 1O 1.64 X lOS 2.0X 10- 15 

KBr 2.5x 10- 10 1.69 X 105 1.5 X 10- 15 

RbBr 1.5x 10- 10 1.35 X l(f LOX 10- 15 

CsBr 2 X 10- 10 1.22X lOS 1.5 X 10- 15 

Csl 2.5X 10- 10 1.07 X lOS 2.5x 10- 15 

ilE 
jjE (this work) (Ref. 11) 

87.8 kcallmol 83.0 

59.4 78.0 

67.8 70.6 

such as Na + -0-, 0+-0-, and H+ -H- that have been 
studied for their ion-ion neutralization cross sections, exhi
biting crossings of their ionic curves with curves correspond
ing to excited configurations of the separated neutral atoms. 
Second, the largest separation of a crossing point for the 
alkali halide ground state is 51 A. (for CsCI) while the other 
systems exhibit some much larger crossing distances, 288 A. 
for 

Na+ +O-~NaO(3d)+OoeP), 

a process shown to be very important in the Na+ -0- neu
tralization mechanism.41 Presumably the smaller orbitals 
and the more restricted ranges of interaction, i.e., the nar
rower ranges in which the initial and final electronic states 
are nearly degenerate, are responsible for the small cross 
sections of the alkali-halogen ion pairs toward reaction (5). 
Despite the small values of about 10- 15 for the rate coeffi
cient, reaction (5) does, nonetheless, playa significant part in 
the time dependence of both MO and X - . 

E. Collisional ionization 

It proved necessary to include the collisional ionization 
by electron impact, 

(6) 

in our scheme, in order to fit the concentration curves. The 
rate coefficients k6 at a temperature of 3200 K, are 

1.2 X 10- 11 cm3 Is for K, 

9.0X 10- 12 cm3/s for Rb, 

2.3 X 10- 11 cm3 Is for Cs. 

When the rates are fit to Arrhenius plots, we obtain 

k6(KO) = 1.21 X 10-4 exp( - 102.lIRT) , 

k 6(RbO) = 2.00X 10-8 exp( - 48.7IRT) , 

and 
k6(CsO) = 3.45 X 10-7 exp( - 60.2IRT) . 

The only comparable results for thermal electrons appear to 
be the rate coefficients for the excitation processes45 

e + K(4 2S)~ + K(4 2p), 

e + Rb(5 2S)~ + Rb(5 2p), 

and 
e + Cs(6 2S)~ + Cs(6 2p). 
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The rate coefficients for these three processes, at 3200 K, are 
8.46 X 1O- lo cm3/s, 9.35X 10- 10

, and 3.02 X 10-9
• In modi

fied Arrhenius form, they were given as 

and 

kexcit(K) = 1.4 X 1O- 8To.4 exp( - 38.3IRT) , 

kexcit(Rb) = 2.6X 1O- 8To. 3 exp( - 36.SIRT) , 

kexcit(CS) = 2.2X 1O- 8 To.4 exp( - 33.lIRT). 

(Rate coefficients are in cm3 Is and activation energies, in 
kcallmol.) We can only say that our rate constants appear to 
have values quite consistent with the excitation rate con
stants. 

F. Collisional dissociation 

The collisional dissociation rates k I and kz for the pro
cesses 

Ar+MX~Ar+M+ +X-

and 

Ar + MX~Ar + MO + XO , 

respectively, were obtained for the eight salts NaCl, RbCl, 
CsCl, NaBr, KBr, RbBr, CsBr, and Csl. The values of the 
constants A and E in the expression 

k = AT -7/2 exp( - E IkT) , 

as well as the constants kl and k2 for collisional dissociation 

to ions and to atoms, respectively, are collected in Table V. 
This table also includes values obtained by Luther, Troe, and 
Wagnerll where they are available. 

Our data are most complete and reliable for RbCl, 
RbBr, CsCl, and CsBr. Cesium iodide presented experimen
tal difficulties because of the low concentrations of 1- at 
equilibrium, when the total molecular concentrations were 
low enough to assure that molecule-molecule processes 
could be neglected. The same problem prevented us from 
studying rates of dissociation of the other iodides and the 
salts of sodium, with the exception of NaCl (and, to a 
rougher degree, NaBr). 

Some of the species deserve individual comment. The 
NaBr and NaCI results were not fit on the analog computer; 
in these cases, the initial slopes of the curves for Nao and 
halide were used to estimate k\ and k2 with the data from 
three shocks. These results are included in Table V. 

Potassium bromide results are somewhat scattered, and 
the rate coefficient k2 appears to be "anomalously" low at 
higher temperatures, as though the system shows more ionic 
branching as T increases. 

Rubidium chloride has unusually low activation ener
gies, especially for production of ions. In fact, a plot of In k2 
vs T - 1 has a positive slope, because the T -7/2 factor actually 
dominates the exponential. Like KBr, RbCI seems to branch 
more readily toward ions as the temperature increases. 

The three cesium salts give us an opportunity to com-

TABLE V. Rate coefficients, activation energies, and preexponential factors for collisional dissociation of alkali halide molecules by argon. 

Reaction T(K) k(cmJ/s) 

NaCI--+Na + + CI 3320 8.5X 10- 17 

2.3X 10- 15 

NaCl--+Nao + Clo 2.6X 10- 15 

NaBr--+Na+ + Br- 3200 10- 16 

NaBr--+Nao + B~ 5 X 10- 15 

KBr--+K + + Br- 3000 1.5 X 10- 15 121 
KBr--+Ko + Bro 3020 7.2X 10- 16 6.0 

RbCI--+Rb+ + CI- 2700 I.l X 10- 15 0.87 
RbCI--+Rbo + Clo 3.3X 10- 15 0.078 
RbCI--+Rb+ + CI- 4000 2.4x 10- 15 

RbCl--+RbO + Clo 2.3X 10- 15 

RbBr--+Rb+ + Br- 3270 3.0X 10- 15 8.4 
RbBr--+Rbo + Bro 3.7x 10- 15 1.04 

CsCI--+Cs + CI- 3200 2.4X 10- 15 4.1 
3.7x 10- 16 

CsCI--+CsO + Clo 1.6XIO- 15 6.2 

CsBr--+Cs+ + Br- 2700 I.l X 10- 15 9.8 
5 X 10- 1• 

CsBr--+cso + Bro 2800 8.0X 10- 16 7.4 
CsBr--+Cs+ + Br- 4200 6 X 10- 15 

1 X 10- 13 

CsBr--+Cso + BcD 4000 3.4X 10- 15 

CsI--+Cs+ + 1- 2400 1.1 X 10- 15 

8.3X 10- 16 

CsI--+CsO + 1° <3000 < 10- 18 

CsI--+Cs+ + 1- 4000 2.2X 10- 1• 

CsI-+Cso + 1° _10- 16 

° The third body, argon, has not been written explicitly here. 

J. Chem. Phys., Vol. 80, No. 12, 15 June 1984 

E(kcal) 

80 

65 
46.9 

35.9 
16.9 

47.1 
32.1 

47.8 
100 
48.6 

48.6 
(10.4 inferred) 
50 

Reference 
(this work except 

where noted) 

Refs.7,11 

Ref. II 

Ref. II 

Ref. 11 

Ref. 11 
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pare our values of the rate coefficients with an independently 
determined set. Luther, Troe, and Wagner I I determined the 
extinction of shock-heated alkali halides in argon, at two or 
more wavelengths, in order to determine the concentrations 
of MX and X -. They assumed that the kinetics could be 
described, in essence, by reactions (1), (2), and (3). Reactions 
(5) and (6) were omitted from their model. The data were 
expressed in terms of a total bimolecular dissociation rate 
constant k A Hal' the fraction y dissociating to ions, and bimo
lecular detachment rate constant kHal . The rate constants 
ykA Hal' (1 - y)kA Hal and kHal would be equivalent to our kl' 
k2' and k3' respectively, if we were to set k5' k6' k7' and kg to 
zero. 

Our results for the rate coefficients k I and k3 are in 
rather good agreement with the same rate coefficients as de
termined by Luther, Troe, and Wagner. Moreover we have 
determined the relative maximum ion concentration, as de
fined by these authors, II 

y = [X-]maJ[MXLnitial , 

and again find good agreement. At 2400 K, Luther, Troe, 
and Wagner find Yof 10%-15%, and we find Y = 10% at 
2800 K, and 20% at 3000 K. Despite this agreement, we 
draw very different inferences regarding the branching ratio 
k2lkl' which we shall discuss shortly. We find that this ratio 
must be less than about 10-2

, corresponding to y~ 1, to be 
consistent with our data on Cso, 1-, and CsI, over the entire 
temperature range we studied. Luther, Troe, and Wagner 
infer from their model that their parameter y = 0.3, or that 
the branching ratio k21kl = 2.33. 

Our results with cesium bromide and cesium chloride 
also differ from those of Luther, Troe, and Wagner. We ob
tain branching ratios of about 0.6 for both salts, while the 
Lausanne-Gottingen group finds a ratio k21kl of approxi
mately zero for CsBr, and two alternative values for this 
ratio for CsCI, either a value of approximately zero, or a 
value between 1.0 and 2.3. They choose the value zero-
which is certainly the choice most consistent with our own 
previous work. I 

In the case of CsBr, Luther, Troe, and Wagner report 
values of Y, the maximum relative ion yield, of 30% at 2800 
K and 60% at 4000 K. We find only 6% at 2800 K and 11 % 
at 4000 K. This difference could be due, at least in part, to the 
relatively low value of the absorption cross section for Br- in 
the wavelength region in which Luther, Troe, and Wagner 
measured the absorption by Br-. Our concentration mea
surements were made near the threshold wavelength for 
Br-, but far enough from it that the absorption by Br- was 
strong. Moreover our concentrations measurements were 
followed to equilibrium and are consistent with the equilibri
um concentrations of the other species, so long as we use the 
oscillator strengths derived to establish this self-consistency 
as described in the appendix. The rate coefficients and the 
activation energy, seem more consistent with the general 
pattern for the alkali halides than do the rather higher rate 
coefficients of Luther, Troe, and Wagner, and the very low 
activation energy that we infer from their rate coefficients. 
On the basis of the data of these experiments, we also cannot 
reconcile their low value of k21kl with our observations of 
the rise ofCso absorption at early times. Typically, the initial 

slope of the Cso curve that we observed is roughly twice that 
of the Br- curve, as the higher-temperature dissociation 
rates for CsBr indicate in Table V. These comparisons are 
treated further in Ref. 18. 

In the case of cesium chloride, Luther, Troe, and Wag
ner again had the problem of inferring the molecular concen
trations from data in which the halide ion dominated the 
absorption. The second-order rate coefficient for the decay 
of the absorption at the four wavelengths of their measure
ment was found to be 3.7 X 10- 16 cm3 Is at 3200 K, with an 
activation energy of 100 kcal/mol. The inference was then 
made that this rate is the dissociation rate k l • If this is accept
ed together with their analysis of the CsBr data, then Luther, 
Troe, and Wagner appear to obtain a ratio 

k l(CsBr,2700 K) = 135, 
k l(CsCI,3200 K) 

which is rather difficult to understand. Our model leads us to 

kl(CsBr) 2.6X 10-
15 

= 1.08 at 3200 K. 
kl(CsCI) 2.4x 10- 15 

G. Branching ratios 

To interpret the branching problem, we found it useful 
to introduce the variable 

b = k 2lk l • 

This quantity is the direct measure of the branching ratio for 
formation of atom pairs vs formation of ion pairs and is to be 
preferred over the observable variable we were previously I 
forced to use, 

B (0) = lim B (t) = lim [MO(t )][Xe~]/[M~q][X-(t)] . 
,-...0 ,-...0 

The desideratum b can only be evaluated by carrying out a 
kinetic model, such as we have described here. 

The branching ratio b is as explicit a specification as one 
could ask to specify the degree of disequilibrium generated in 
the primary dissociation process. It is useful to compare the 
values of b with the square root of the corresponding equilib
rium constant 

K5 = [MO]eq [XO]eq 
[M+ ]eq [X- ]eq 

=8exp[QlkT] +4exp[(Q-L1)1kT]. 

We have set Q = I.P.(MO) - E.A.(XO) andL1 is the fine struc
ture splitting of the halogen atom (0.1092, 0.4568, and 
0.9424 eV for CI, Br, and I, respectively). Insofar as free 
electrons can be neglected at early times, K ~/2 would be the 
value assumed by b if collisional dissociation produced a 
distribution of separated pairs equivalent to the thermally 
equilibrated distribution. There is, of course, no reason to 
expect b to have the same value as K ~/2; we make the com
parison to give a quantitative sense of the degree of disequi
librium generated in this system. Values of band K ~/2 are 
presented in Table VI. We have also included values of the 
parameter B (0), and of the parameter y introduced by Lu
ther, Troe, and Wagner, II which is simply related to b: 
b = y-I - 1. 

Taken together, the branching ratios seem to make a 
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TABLE VI. Branching ratios b, equilibrium constants K ;12, initial branching concentrations B (01, and frac-
tions r of dissociation to ions, for alkali halide dissociation. 

Salt TIK) b K ;12 at (3000 K) B(OI 

NaCI 3320 32 60.1 0.51 
NaBr 3200 49 88.1 0.47 
KBr 3000 0.47 18.7 0.016 
RbC1 2700 3.2 9.37 0.25 

4000 1 7.29 0.039 
RbBr 3270 1.2 13.7 0.044 
CsCI 3200 0.66 5.35 0.073 

0 
CsBr 2700 0.59 7.85 0.050 

0 
4200 0.61 6.28 (4000 KI 0.022 

0 
Csi 2400 0 13.5 0 

2.3 0.3 

rather consistent picture, with the possible exception of the 
value for KBr. As we noted previously, the dissociation rate 
to atoms k2 seems anomalously low for this species and 
should be taken with some skepticism. The other values pro
vide a pattern in which all the molecules in this study disso
ciate to give distributions favoring the production of ions, 
relative to the distribution at thermal equilibrium. The salts 
vary from NaCl, in which b is about half of K ~12, to the 
cesium salts, in which b is an order of magnitude less than 
K ~12. If dissociation occurred purely statistically, then one 

would expect b to be.JI2 or 3.46; any value of b less than 3.46 
corresponds, at least in a crude sense, to a negative tempera
ture. Any value of b less than unity, of course, corresponds to 
an absolute preponderance of ions generated in the primary 
dissociation step. 

We see that the statement made in Ref. 1, that the alkali 
halides "appear to span the full range of behavior, from the 
extreme of complete dissociation to ions, ... " is itself probably 
too extreme, with the possible exception of CsI. The relati ve
ly fuller treatment of the entire kinetic system has clarified 
the way the alkali halides dissociate, and has shown that the 
"more ionic salts" do tend to dissociate to ions, rather than 
to atoms. This treatment has put the branching onto a quan
titative basis. Furthermore, the analysis shows that the prin
cipal relaxation processes can be consistently accounted for 
in terms of three dominant reactions (and their reverse pro
cesses): collisional detachment of electrons from negative 
ions by the heavy particles of the heat bath, collisional ioni
zation of the alkali atoms by electrons, and mutual ion-ion 
charge neutralization. 

The question remains open to whether the branching 
ratios of Table VI are due to uncertainties in the data, to 
characteristics of the curve-crossing process, or to the kinet
ics of vibrational excitation in dense gases, or of all three. It 
will hopefully be possible to measure branching ratios for 
single-collision dissociation in extensions of the crossed 
beam studies that have already been carried out. Presuma
bly, if these measurements are made for molecules having 

Source (this work 
except where 

r noted) 

0.03 
0.02 
0.68 
0.24 
0.51 
0.45 
0.6 
1 Ref. 7,11 
0.63 
1 Ref. 7,11 
0.62 
1 
1 

Ref. 7,11 

Ref. 7, 11 

progressively higher vibrational temperatures, the branch
ing ratios should tend to resemble those of Table VI. The 
results of shock experiments on Rb and Cs halides at tem
peratures between 3000 and 6000 K are compatible with 
those of Table VI. 18 

In principle, it would seem possible to carry out simple 
studies of alkali atoms colliding with halogen atoms. Such 
measurements would merge with ours if differential cross 
sections, especially for negative ion production, were made 
at large scattering angles. Unfortunately the easier low-angle 
scattering measurements simply do not probe the same part 
of the potential as the dissociation experiments. 

There remain the possibilities of spectroscopic studies, 
especially of NaI, whose many-line spectrum is known to 
exhibit a variety of linewidths.2

,46 This study has recently 
become tractable because of the studies done on the fluores
cence excitation and emission spectra of Na1.47

•
48 The shock 

tube method has been fairly fruitful, but is rapidly reaching 
the boundaries of its capabilities because of its limited time 
resolution; with a tube much larger than the one described 
here, one could hope to see the early-time behavior more 
clearly. In this way, one would try to satisfy the nagging 
doubt that there might yet be a short induction period after 
dissociation, before neutral atoms are present. However the 
force of the kinetic model is fairly compelling, and we now 
believe that any interpretation of the curve crossing problem 
in high-density systems must be compatible with the branch
ing ratios we report here in Table VI, and with the more 
extensive results of Ref. 18. 
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APPENDIX: ABSORPTION COEFFICIENTS OF MX 
ANDMo 

In the process of scaling the experimentally determined 
concentrations of MX and MO, we had the opportunity to 
measure, for each shock, the oscillator strength of the neu
tral alkali and the absorption cross section of alkali halide 
salt. The determinations were ultimately based entirely on 
the use of the halide ion absorption cross sections, which are 
known to - ± 30%. The oscillator strengths were calculat
ed from the following equation: 

/ 2.608 X 10
12 f 1 10 d = og- v, 

[ [MO]eq I eq 

where (log loll) is the equilibrium optical density of the 
alkali line, [ is the path length (36 cm), and [MO]eq is the 
equilibrium alkali concentration. 

The molecular absorption cross sections were calculat
ed from the equation 

l7 = _1_ [In 1(0) +..!. OD(X-)e l7s(X-)] , 
['il 1(00) 4 q l7L (X-) 

where il = [MXlo - [MX]eq and [MXlo and [MX]eq are 
the initial and eqUilibrium salt concentrations, I' is the path 
length (9 cm), 1(0) is the attenuated intensity of the Xe lamp 
before dissociation occurs, and I( 00 ) is the intensity at t = 00. 
The bandpass of our interference filter was - 300 A. In order 
to compare our results with those of Davidovits and Brod
head, 19 their cross sections were averaged over the band pass 
of the filter in the following manner: 

_ Sband pass l70B (A )P(A)L (A) dJ. 

l70B = Sband pass F(A)L (J.) dJ. 

where F(A) is the transmission of the filter, l70B (A) is the 
molecular absorption cross section as a function of wave
length as determined by Davidovits and Brodhead. L (A ) is 
the relative lamp intensity. 

The molecular absorption cross sections offer no prob
lem' most values agree within a factor of two of the previous 
res~lts.19 However our alkali oscillator strengths are consis
tently lower than those found in the literature. Only the re
cent theoretical values computed by Weisheit49 and some of 

50 . I the extrapolated values ofMarr and Creek are conslstent y 
close to our measured values. (The experimental values ob
tained by Korff and Breitz5 in 1932 are also similar to ours, 
but it is not clear whether these pioneering results can be 
credited with numerical accuracy, in view of the many pit
falls of absolute intensity measurements that are now recog
nized.) We would naturally like to interpret the general (al
beit still rough) agreement between our experimentally 
determined oscillator strengths and Weisheit's calculated/ 
values as an indication both of the correctness of the values 
and of the methods: in Weisheit's case, of the manner of 
treating core polarization and spin-orbit interaction, and in 
our case, of setting the condition of self-consistency. 

Generally, the major uncertainty in oscillator strength 
measurements is due to the determination of concentrations. 
In our case the relative uncertainty in/ can be written as 

8/ 8M~ 80D(~) 
-=--+----'-
/ ~ OD(~) 

Since the determination of [~]eq from thermodynamic 
considerations is based on the value used for X,;;;, let us as
sume that 

8 [M~] 8 [X';;;] il 
[~] Z [X-]eq + , 

where il is the uncertainty due to temperature. As a conser
vative estimate we take 8 X-/X~0.25 and 80D(MO)! 
OD(MO) Z 0.20. The residual fractional uncertainty il can be 
estimated by calculating/numbers at two different tempera
tures. It is -0.15. The total expected uncertainty is thus 
- 60% which is consistent with our results. 

Since the halide absorption cross sections are known to 
within 30%, there is, at most, a systematic error of 30% 
arising from this source. It is difficult to see where any addi
tional systematic source of error could make a difference 
sufficient to bring our results into agreement with those in 
the literature. 

The experimental values of Kvater and Meister,26 and 
Gol'dberg27 (based on the hook method) also depend on the 
accuracy of concentration or vapor pressure determinations. 
Since the vapor pressure is an exponential function of T, the 
measurement and constancy of temperature plays a crucial 
role in their results. It would be helpful if new, independent 
measurements of some of the oscillator strengths of the high
er members of the alkali principal series could be measured 
with heat pipe ovens. 

The question arises as to the optical thickness of the 
alkali lines. This problem is discussed in detail in Ref. 18. 
The conclusions of the extensive analysis carried out in that 
work are that the concentrations of alkali reported here are 
accurate, well within the other uncertainties of the measure
ments, except in the highest temperature ranges of this work, 
where the concentrations estimated from the thickest lines 
based on Voigt profiles are of order 20% higher for Rb and 
30% higher for Cs than concentrations based on the assump
tion of Beer's Law. The comparison of rate coefficients re
ported here for Rb and Cs salts and those based on the rejec
tion of optical thinness is made in Ref. 18. No experiments 
were done to determine the effect of optical thickness for 
NaCl, NaBr or KBr, but weak, high-lying transitions were 
used to monitor Nao and KO, and no high-temperature re
sults are reported here for these salts, the most refractory of 
those included in this study. 
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