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The collision-induced dissociatior rocess of alkali halides to jon pairs by high energy Xe was
studied by crossed molecular beam me_hod. The dependeace of the dissociation cross section on
relative kinetic energy and alkali ha'"de internal energy vas investigated.

Recent studies by Berry et al. [1,2] of colli-
sional dissociation of alkali halides by shock-
heated argon have stown that, in vibrationally-
equilibrated gases, some alkali halides (all ce-
sium, rubidium and potassium salts except Rbl
and KI) dissociate completely to ion pairs, al-
though dissociation to neutral atoms requires
less energy. An expression for the branching ra-
tio for the different dissociation products (atomic
or ionic) has been postulated for these systems.

The present experiments utilize the crossed
molecular beam method for further investigation
of the more elementary process of dissociation
of Csl, CsBr and RbI to ion pairs by single col-
lisions with high energy xenon atoms **#*, Since
both the relative kinetic energy and internal
energy of the reactants can be precisely controll-
ed in a crossed molecular beam experiment, the
dependence of the dissociation cross section on
relative khinetic energy and alkali halide internal
energy has been measured for collision energies
up to 6 eV and alkali halide temperatures ranging
from 11500K to 1650 °K. Crude energy analysis
oi the ions produced by these single collisions
also reveals interesting dynamical features of
collision-induced dissociation.

The schematics of the experimental arrange-
ment are shown in fig. 1a. Fast Xe is produced
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==+ Collisicn-induced dissociation of alkali halides
with Ar atoms in a higher energy range was also
studied recently by Professor John Ross' group at
‘Massachusetts Institute of Technology (private
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by the seeded supersonic beam technique [5]. A
mixture of 1% Xe and 99% Ho is expanded through
a 0.1 mm diameter nozzle. The energy of the

Xe atom is controlled by the nozzle (cven) tem-
perature, the upper limit of which is 1000 °C.
With a typical operating source pressure of 1650
to 2250 torr the pressures in the nozzle-skimmer
and skimmer-collimator chambers are in the
mid 10™4 torr and 106 torr ranges. These re-
gions are pumped differentially by 10 inch and

4 inch oil diffusion pumps. For sufficiently high
source pressure, the isentropic expansion will
produce xenon and hydrogen of the same termi-
nal veloeity which is given by p = (5kT/m)1/2 §
where m = 0.01 My + 0.98 Afg, = 3.20 and T is
the nozzle temperature. The Xé energy obtained,
(5/2)(Mxe/m)kT, is thus a factor of Mge/m ( ~ 40)
larger than that which would be obtained by ex-
panding pure Xe. When the nozzle temperature

is 10009C, the Xe atom lab energy is 11.0 eV.
QO:her nice features of the seeded supersonic
beam technique are the increase in Xe center-
line concentration from an init1al 1% mixture and
the narrow velocity distribution typical cf super-
sonic nozzle beams., The width of the Xe beam

is 2.50.

The effusive alkali halide beam is from a dou-
ble ven located iz another chamber maintained
at high 107 torr by a 4 inch diffusion pump. A
lower stainless steel oven heated by alumina-
insulated tantalum wire controls the vapor pres-
sure of the alkali halide. The alkali halide vapor

I~his terminal velocity is characteristic of seeded
team expansions in carrier gases of specific heat
ratio 5/3. For hydrogen as the carrier gas, expan-
sion vields lower terminal velocities than those pre-
Cicted for diatomic carrier gases (Cp/ Cp, = 17/5), an
cbservation attributed to hydrogen's very slow rota~
tional relaxation. See ref. [4]. - .
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then flows into a resistance-heated upper oven
made of a2 6.35 mm diameter tantalum tube
whach is 9.5 cm long and 0.5 mm thick. The
rectangular slit of the upper oven is 0.76 mm by
3.05 mm. A stainless steel heating block with alu-
mina insulated tantalum heaters is mounted on
tne upper part of the tantalum tube in order to
zchieve homogeneous heating along the tube and
to maintain a maximum in temperature at the
slit. The temperature at the slit is measured by
an optical pyrometer and the beam is collimated
to 1.6° by two defining slits. Four successive
water cooled copper plates located between the
oven and the differential pumping wall provide
most of the frapping of the alkali halide. Beam
intensity is measured by surface ionization on a2
tungsten filament.

The beams are crossed at 90 degrees in the
main chamber which is maintained at about 10~7
torr by a 10 inch diffusion pump. The beam in-

(b)

Fig. 1. a) Schematic diagram of experimental arrangement. b) Newton diagram for a typical experiment.

tensities at the collision center are approxima-
tely 6 x 1016 molecules/cmZsec for Xe and

6 X 1014 molecules/cm2sec for the alkali halide.
The ions produced in the collision are collected
by means of a repeller plate-Faraday cup ar-
rangement. Both pesitive and negative ions cur-
rents may be measured by changing the polarity
of the repeller plate. The repeller plate and the
cylindrically symmetric Faraday cup are locat-
ed above and below the callision center respec-
tively and parallel to the beam plane.

The Newton diagram for a typical experiment
is shown in fig. 1b. Since the Xe velocity is
more than 10 times that of the alkali halide, the
magnitude of the nominal relative velocity is
essentially the same (within 1%) as that of the
Xe velocity and it has a fwhm velocity spread of
less than 10%, mainly determined by the distri-
bution in xenon velocities. The maxwellian velo-
city distribution of the slow alkali halide does
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not further contribute to the spread in relative
kinetic energy, and consequently the velocity of
the alkali halide beam was not selected.

Fig. 2 gives curves of total ion current as a
function of center of mass collision energy. The
dissociation thresholds extrapolated from these
curves are 4.35+0.15 eV, 4.42+0.20 €V, and
4,40+ 0.35 eV for Csl, CsBr, and RbI respec-
tively. These are in fair agreement with the ac-
cepted values of 4.37 eV, 4.68 eV, and 4.41 eV
for dissociation to the ionic limit (compared
w:th 3.54 eV, 4.1i5 eV, and 3.30 eV, for dissocia-
tion to the atomic limit) [5]. In any event, thresh-
old energies for dissociation determined by ex-
trapolating curves for moncenergetic collisions
must represent upper limits for the true disso-
ciation energies. How2ver, the uncertainty of
collision energies in this experiment, associated
with the assumptions regarding the seeded beam,
are probably greater than observed discrepzn-
cies. The total cross sections for collision-in-
duced dissociation of CsI and CsBr at energies
of 5.4 eV are estimated to be more than 10 A2,
the dissociation cross section for CsI being
somewbat larger than that of CsBr. The sur-
prisingly large cross sections of these processes
indicate both a rather high dissociation efficiency
for collisions with relatively large impact pa-
rameter and the sufficiency of kinetic energy to
dissociate alkali halides of low internal excita-
tion provided the kinetic energy is somewhat
larger than threshold. The sharp threshoid be-
havior of Csl (Mcs/M1 = 1) can be contrasted
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Fig. 2. Dependence of total ion current on center of
mass collision energy for Csl, CsBr and RbI.
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tw7ith the slower rise of both CsBr and Rbl
(Mrpy/d g = Mpy/My ~ 0.6). The effect of dif-
ferences in the alkali halide atomic mass ratio
is also observed in the energy distributions of
the dissociated ions.

If the Xe (H3) source temperature is kept con-
stant while the alkali halide source temperature
is varied, a large change is effected in the al-
kali halide internal energy without appreciably
changing the relative kinetic energy of the col-
lision process.

In fig. 3a, the relative efficiency of ion pro-
cluction is plotted as a function of CsBr temper-
ature at two different collision energies. The
ordinate in fig. 3a is Cs* current divided by
CsBr number density, a quotient proportional
to the dissociation cross section for constant Xe
flux. If the collision energy is near the discocia~
tion threshold, the cross section shows a pro-
nounced internal energy dependence. When thz2
CsBr temperature is increased from 11500K to
16509K, an average total energy increase of on-
ly 1.34 keal/mole, the ratic of the cross sections
over this range is 3.32. But, for the same total
energy, if the kinetic energy is increased by
1.34 kcal/mole while the alkali halide tempera-
ture is held at 1150 9K the cross section only in-
creases by 6%. Therefors, as expected, it is
seen that for collision energies near threshold,
internal energy is more effective than kinetic
energy in producing dissociation. This conclu-
sion is in general agreement with that obtained
for some endothermic chemical reactions near
threshold by applying microscopic reversibility
to the detailed information provided by chemi-
luminescence experiments on the reverse exo-
thermic reactions [6,7]. In these endothermic
chemical reactions it has been concluded that
energy in a vibrational mode is, for a given total
energy, most productive in effecting reaction.

When the collision energy is raised to about
1.5 eV above threshold, the cross sections in-
crease one to two orders of magnitude, but, at
these higher energies, when the alkali halide
temperature is increased from 11509K to 1650 0K,
the cross section increases only by a factor of
¢.23. This indicates that as the kinetic energy
increases appreciably beyond threshold, the dis-
cociation proceeds very effectively regardless
cf the alkali halide internal energy.

Fig. 3a indicates that the dissociation cross
section for threshold collision energy is an ex~
ponential function of CsBr temperature, o(T) =
4eBT | where A and B are constants. K we de-
fine the specific dissociation cross section for
a. given internal energy £y as ¢(Ej), then at this
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Fig. 3. a) Relative efficiency of ion production as a function of CsBr temperature for two different collision energies.
b) Dissociation cross sections as function of internal CsBr energy and vibrational quantum number calculated from
data shown in fig. 3a. The hard sphere endothermic reaction cross section is also showm.

collision energy the observed o(7') has the follow~
ing relation

o(T) = 4ePT = [ o(E) P(EY dE}, @)
0
where
EI e-BEI 1
P(EI) = T and 8= -k_:l%_—
f EIQ-BEI dEI sBr
0

Applying an inverse Laplace transform to (1),
and using the best exponential parameters

B/kj3

L‘lg_&i—g = EI G(EI)’
8

a(EI) can be unfolded as

o) = A'E}2 1y2.267 E{ ")

for Ej in kcal/mole.

I; is a modified Bessel function of 1st order. A
plot of o(Ey) versus Ey is shown in fig. 3b. Sim-
ilarly, if we assume the rotational energy of
CsBr does not contribute to the dissociation and
defire the specific dissociation cross section for
a given vibrational state, v=n, as o'(n), then the
same unfolding procedure can be used. Consider-
ing n as a continucus variable and using the
classical function, we obtain

o'(n) = A" I, (1.43n1/2),

Ip is a zeroth order modified Bessel function;
o'(n) is also shown in fig. 3b. The cross sections
o{Ep and o'(n) are normalized to the same value
for zero internal energy and are plotted on the
same energy scale. The hard sphere endother-~
mic reactive cross section

o = 1d2(1-D/E)

is also shown in fig. 3b, where E is the kinetic
energy of relative motion and J = I, 'EI is the
effective dissociation energy for a given inter-
nal energy Ej.

The Faraday cup is not only used to collect
all the positive or negative ions, but also serves
as a crude energy analyzer by virtue of its ad-
justable repeller voltage. Fig. 4 shows ion cur-
rent as a function of repeller voitage for collision
energies slightly above threshold and a few eV
above threshold. Approximate laboratory enexgy
distributions can be obtained from the slopes of
these curves, since the ions produced move
nearly parallel to beam plane due to their large
in-plane velacity of center of mass as compared
with their relative velocity, and thus the voltage
required to bend an ion trajectory to the Faraday
cup is approximately proportional to the labora-
tory energy of the ion. Af collision energies near
dissociation threshold almost all the available
energy goes info the dissociation process and
the praoduct ions can be expected to have only
small recoil velacities with respect to the center
of mass. The lab velocities of thase low recoil
will then be approximately equal to the velocity
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Fig. 4. Dependence of positive and negative fon cur-

rents collected in the Faraday Cup on the repeller

plate voltage for Csl, CsBr and RbI at two different
collision energies.

of the center of mass, C, and the 1ab energies
will be proportional to the ion masses. It is seen
from fig. 4 that at threshold energies tie heavier
ions require higher collection voltages than the
light ions, an observation consistent with low
recoil velocities. At collision energies a few eV
above threshold, where enough energy is avail-
able so that recoil velocities need not be small,
it is observed that the lighter ion has higher lab
energy. The smooth energy distributions and the
large total cross sections characteristic of these
high energy collisions iraply that non-collinear
collisions are much more important than col-
linear collisions in the dissociation process,
since collision-induced dissociation caused
mainly by collinear collisions would produce two
distinct peaks in the energy distribution for each
ion. Also, after =stablishing the effective field
strength from the threshold energy axperiments
where the ion lab energies are known to be
=~ 1 MC2, calculation of the lab velocities for the
high collision energy experiments show
lvhghtl>]cl Vi ﬁ)em all cases. This ob-
servation suggests thavtyXe on light atom is more
effective in inducing dissociation than Xe on
heavy atom.

Recent exact classical calculations by Kelley
and Wolisberg [8] on collisional energy transfer
tc diatomic molecules with a rotaticnal and a
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vibrational degree of freedom have shown that
the non-collinear collisions are more impulsive
than collinear collisions and consequently are
raore efficient in execiting the vibrational mode
cf motion. Their calculations also indicate that
an atom colliding initially with the light end of
the molecule gives more efficient energy trans-
fer from the translational degree of freedom to
the vibrational and rotational degrees of freedom
taan an atom colliding initially with the heavy end
of the molecule. This conclusion is in general
qualitative agreement with our observations.

The large cross sections observed in these
experiments could be due mainly to the nature of
alkali halide chemical bonding. Since the attrac-
tive part of the alkali halide potential is domi-
nated by the coulombic 1/7 term while the cen-
trifugal potential varies as 1/72, there is no cen-

trifugal barrier to alkali halide d.lssociation.
This condition is in contrast to that of covalently
bonding molecules where centrifugal barriers
might considerably affect the collision-induced
disscciation cross section for similar collision
and dissociation energies. More detailed studies
which also involve other alkali halides are under
way in our laboratory.
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