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AESTRACT

The collision induced dissociation of alkali halide molecules to
ion pairs upon impact with hyperthermal rare.gas atoms has been
inﬁestigated using the crossed molecular beam method. Relative total
cross sections for fhe dissociation of CsI, CsBr, RbI and KI to ion
pairs upon collision with #enon and krypton have been measured over
a relative collision energy range from threshold to 10 eV and 8 eV,
respectively. 1In addition, complete angular anq energy distributions
of both dissociated ions frém Xe + CsI,.CSBr énd RbI collisions and
from Kr + CsI and CsBr collisions have been obtained at several
collision energies'withinlthe above energy range. Mass,qollision
orientation and energy dependence effects observed throughout this
work define two liﬁiting case dissociation mechanisms for the
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Xe(Kr) + MX + Xé(Kr) + Mf + X processeé. The dominant dissociation
. configuration consists of‘the raré gas atoﬁ incident oﬁ the light
atom eﬁd of the'alkalivhalide molecule in a near collinear cqllision;
The less preferred dissociation mechanism.results Whén the rare gas
'aﬁom‘is'inéident in arneér collinear coﬁfiguration on the heavy .atom-
end of the alkali halidé molecule. Experimental measureménts of theb
.hpercehtage:of energy transfer from 3-particle relative kinetic eqerg&
to thé relative motion of M& - X range asvhigh-as 95%; these pér—
centage eﬁergy transfers correlate ﬁell with the pfedictions_of an
impulsivé collision model. vThree-&imensional classical trajectory .
calculations using'realistic interaction potentials have Been performed . -
and they verify the dynamical interpretétioﬁ suggested by the experi-

ments.
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VINTRbDUCTION
The conversion of energy from one form to another dﬁring a coliision

between two.molecules is a process ﬁhich has been of central imﬁortaﬁce
to scientists for a long time. The simplest sﬁch‘évent is the ineiastic
'éollision of an atoﬁ‘with a diatomic méiecule.‘_Trahslational energy
associated with the relativenmotibn of the approéching'species can be
transformed into vibrational, rofational, or electronic energy of the
diatomic;_or, if sufficient éﬁérgy is availaﬂie, can resuit in dissocia-
tion of the diatomic.

"~ The study of the chemical kinetics of endoergié pfocesses involving
neﬁtrglrreaétants hés éécelerated in recent'yéars. One endoergic
‘process which has been the subject of consi&eréble study is the collision-
indﬁced dissociation of metal haiides. Shock fube studie.sl“8 of alkali
~halide dissociation have shown that both atomic and ioﬁic products are
formed, even thougﬁ dissociation to idnic products requires more energy.
Cesium, rubidium, and potassihm salts (excépt perhaps RBI and KI)
dissociate predominantly to ion pairs while‘iithium.énd sodium salts
(possibly excepting NaClj dissociate almost exclusively ﬁo separated
atoms. The éctual valuesvof the branching ratios for the d¥fferent
dissociationuproducts'remain subject to some qﬁéstion. The crossed
molecular beam technique has also been 5pplied to meta1 halidé dissocia-
tion. Ea;lier wo;k9 in this iaboraﬁgry investigated the dependence of
the dissoc?ation cross’seétion on relative kiﬁetic energy énd alkali
halide intefnél energy'in xenon-induced diésbciafions of CsI, CsBr, and

RbI. Parks et a1.=10-15 have performed experiments to determine the
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» aBsolute total'crose sections for dissociation of TI1F, TlCl, T1Br, T1I,
CsCl and.their corresponding (MZXZ) dimers to ion pairs upon impact with
fast xenon and.krypton (also with argon and SF6 for CsCl). Levine and
his coworkersl6_19_have discussed the experimental results using both
near classical apfroaches to collision theory‘and a statistical theory
without making any specific assumptions about the dynamics of the
dissociation process. Fan20 has performed one-dimensional trajectory
calculations to investigate the dependence of the dissociation cross
‘section<on vibrational energy. Additional experimental work by Piper
gE_gl.Zl‘investigated the absolute total dissociation cross sections of
CsBr upon collision with argon and xenon in a higher relative enefgy
range.

Lnehispaper we report a series ofvdetailed studies aimed et
gaining dynamieal insight’into.rare gas atom-alkali halide dissociative
collisions. Using crossed molecular beams with well-defined distri-
butions in incident velocity and angle, we have measuredvrelative total
cross sections for the dissociation of CsI, CsBr, RbI, and KI to ion
pairs upon collision with hyperthermal xenon and krypton over a relative
collision energy range from threshold to 10 eV and 8 eV, respectively.
In addition, we have measured cemplete angular and energy distributipns
of both diseociated ions frovae + CsI, CsBr, and RbI eollisione and
from Kr + CsI and CsBr collisions at several relative collision
energies within the above range. A partial sample of these differential
dissociation contours is included in this work eo demonstrate that, in
the above encounters, certein collision orieetations and mase com~ |

binations preferentially lead to dissociation. Finally, in order to

understand the effect of mass combinations on the dynamics of dissociation,
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we have performed classical trajec%ory calculations on the

vXe + CsBr system cdl;iding with a most probable_relative energy of‘

6.0 eV. The resultswof these calculafions are compared with a

Xe + CsBr experiment with.the same initial conditions in which the
_peaks of the recoil velocity distributions of all three producté

(Cs+, Br_, an& Xe) were found to be centered on the relative velocity
vector of the colliding system. The comparison of thé calculations
with experiment has 1ed.to a éemiquantitative underétanding of the very

strong mass effects observed throughout all of our work.

v EXPERIMENTAL

The collision—induced dissociation experimehts were all performed
by crossing at 90° an effusive alkali halide beam and the hyperthermal
beam of xenon or krypton produced upon superéonic expansion through a,
heated nozzle of a mixture of 1% (0.5%) %enon or 1% krypton in 997%
(99.5%) hydrogen. Ions produced in the dissociation were
either deflectea into and collected by a Faraday cup, as in the total
dissociation cross section measurements, or allowed to pass through
the collision volume and into a rotatable plane field retarding energy
analyzer, thereBy yieiding laboratory energy distributions as a function of
laboratory angle. A schematic of the experimental'arrangement is
shown in Figure 1.

The alkaii-halide beam source consists of a double oven located

in a chamber differentially pumped by a 4-inch diffusion pump to
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an operating pressure of 5 x 10-6 torr. A lower stainless steel
oven heated by alumina-insulated tantalum wire windings maintained
the(Vapor preésure of the alkali halide in the range of 0.1 - 1.0 torr.
The vaporized salt then flowed into a resistance heated'tantalum tube
and effusgd from a 0.76 x 3.05 mm slit located near the midpoint of
the tube. A stainless steel heating block with alumina-insulated |
tantalum heaters was mounted on the top part of the.tantalum tube iﬁ
order to achieve homogeneous heating alqng the tube énd to maintain
a maximum in temperature at the slit. The:temperature at the slit
was measured &ith an optical pyrometer. Four water-cooled copper
platés with suéceséively smaller openings provided initial collimation
and most of the trapping of the salt, The beam was finally collimated
to 1.8° FWHM by a heated defining slit employing tantalum windings and
a second slit locéted on the differential pumping chamber wall just
before the entrance to the scattering chamber. The alkali halide beam
intensity was measured by surface ionization on a tungsten filament. |
The seeded supersonic moleculér beam techniqué was used to produce
xenon and krypton atoms of sufficient energy to induce the highly
endothermic b&nd breakage in the alkali halides. A mixture of 1%
(or 0.5%) xenon or 17 krypton in hydrogen carrier was expanded in
supersonic flow through a heated tungsten nozzle with a 0.10 mm hole
diameter. The center of the beam was sampled by a conical tungsten
skimmer of 0.75 mm diameter and collimated to 2.6° FWHM before'entering
the scattering chamber. Deflection plates>were placed very close to the
collimation slit to remove ions and electrons formed when the high energy

beam impinged on the metal surface during collimation,
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The tungstee nozzle consists of a long inner tube of 4.9 mm
diameter and 0.76 mm wall thickness joined to a shorter outer jacket
of 7.6 mm diameter and 0.64 mm wall thickness close to the nozzle tip.

'The resistance-heated circuit extends from the end of the outer jacket
through the joining point to the far end of the inner tuﬁe. The
tefminals of the tungsten tube are clamped_to water~cooled copper.
blocks, and the copper block which is connected to the inner tube is
fixed to a water-cooled ball-slide mechanism which moves in response
to expaﬁsion of the‘tungsten tube as it is heated. Eﬁperiehee taught
the need for very extensi&e water-cooling of all componente_in the
vicinity of the tungsten oven. The highest temperature to which -
the nozzle has been heated, eetimated from -a tungsten 5%,rhenium—

" tungsten 26% rhenium thermocouple, is 2500°K. |

With a tybical nozzle stagnationpressuretlf3—4étm,vthedifferentially
pumped nozzle-skimmer and skimmer-collimator che@bers were maintained
at‘pressures_of 2 x 1_0-4 torr and. 5 x 10—6 torr by 10 inch and 4 inch

.oi% diffdsion pumps. Fer sufficiently high source pressures. the
isentropic expansion produced xenon (krypton) and hydrogen of the same

kT 1/2 where ﬁ"é

; 2
terminal velocity, given approximately 2, (
+ . ;
XXe(Kr)mXe(Kr) tzmszls the mean mass of.the-mixture, x and m being
the mole fraction and mass of the heavy and hydrogen components. For a
‘mixture of 17 xenon in 99% hydrogen, m= 3.29 a. m.u. Thus the xenon

"Xe

energy obtained using this seeded mixture, (———OkT is a factor of -
mXe (~ 40) larger than that which would have been obtained by expandlng
pure xenon at the same temperature. The hydrogen molecules present in

the beam, while at least as fast as the kenon, possessed an energy
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appro#imately-gg (ratio mﬁzlmxe) that of the xenon and thus did not
have enough energy to contribute to the alkali halide dissociation;‘

As the nozzle femperature incréased, fhe nozzle stagnation pressdre
reduired to achieve complete equélization of the xenon and hydrogen ,
terminal velocities increased ﬁo a point at which any atteﬁpt to
operate at a pressure high enough to insure velocity equalization
produced a flow rate from the nozzle far in excess of the pumping
capability of the system. Thus with the tungsten oven operated above
1000°C, a tybicai operating_pressure of 3 atm was not higp enough to
insure equaliéation of the terminél velocities and the condition

< (SkT 1/2

= <V Y- in i v im .
& Hy existed in most experiments.

Xe
'_ Because of this slippage between the xenon and hydrogen terminal
velécities, even a precisely known nozzle tempefature would not héve
been sufficient for xenon (krypton) atom energy determination?giMese
fast atom beam energies were, therefore, éarefully measured by rotating_
the retarding field energy analyzer into the xenon (krypton)/hydrogen
beam, ionizing the beaﬁ species with-a crossing electron beam imme&iately
preceding the beam entry inté the energy'ahalyzer (see Fig. 1), aﬁd |
obtaining an energy distribution of the ionized species. Asbshown

in Fig. 2, an electron beam of 100-140 eV energy was- sufficiently
energetiq to produce singly, doubly, and triply ionized xenon and

singly and doubly ionized krypton. Because of the small mass of the
electron, the moméntum transfer between the ionizing eieétron and the
heavy atom was negligible and the energy of the neutral atom was very

nearly equal to the energy of the ionized species, irrespective of the

number of electrons stripped off the atom. In the retarding field,
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‘howevef; doubly and tfiply charged xenon ions were répelled'with

twice and three times the force of a singly ionized species of the

same énergy, and thus these peaks appeared at about %-and %-of the

energy peak position of Xe+ in the energy spéctrum.‘ Calculating

the fast 'atom energy from E = 2(Peak (A+)—Peak (Af+)) is advantageous

over single peak (A+ only) analysis because this expression'eiiminates
any energy-shift contributions from surface charges and contact potenfials,
contributions which are not only difficult.to'measufé'but‘not necessarily
constant in time. The peaks near zero energy in Fig. 2 are due to ions
produced by backgroﬂnd gas in the chamber,

" Using this typé-of'beam energy ;halysis, then, tﬁe total relative
dissociation'cross section experiments were peffdrmed by measurihg the
tétal ion current colieCted-in the Faréday cup as a function of the
xénon (krypton) beam’ energy, maintaining a constant salt flux. The
dependence of the xenon (krypton) flux on nozzle condition. was measured
and thg total dissociatioﬂ Cross ggctibns were corrected ééébrdingly.

The differential dissociation cross section meaéurementé.wére
perfarmed by grounding the repeller'plate of the Faraday cup, turning
off the crossing electron beam preceding the energy aﬁalyéer, and
allowing the ions formed in the dissociation to enter the fetafding
field ehergy analyzer unchanged from their state after dissociatioﬁ,
Measurement of the energy distributions at every 5° in the 1aborétory
of both dissociated ‘ions led, after transformation“and'approximate
averaging, to complete center-of-mass velocity ana energy contour maps
for the system.

The plane field retarding energy analyzer is made of seven thin

stainless steel discs insulated from each other by alumina spacers
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"~ and aligned by four 1/16" solid alumina rods which are fixed into
position relative to a mu-metal shielded mounting can by set ecrews.
The first plate is connected to ground to eeteblish-a field free
region at the entrance. This entrance lens is followed by'three
focusing piates, then the retarding plete, and finaily, two more
focusing plates which provide the initial acceleration toward the
electron multiplief to those sufficiently energetic.ions that have
overcome ene bassed through the retardihg‘field region of the enal&zer;
. It should be noted that all of these plates are ekfernally floated to
fhe retarding.plate so tﬁet ions of different.energy will ekperience
the same accelerations and decelerations*ﬁithin'the analyzer, tﬁus
minimizing energy dependent transmiésion effects. 1In addition 'plateé
4, 5, and 6, i.e., the retarder and-its surrounding plates, have flat
gold mesh (80% transmission) spot-welded over their holes. .to ineure
the uniformity of the fields in the retarding region, to minimize the
lens effects characteristic of flat plates with open holes, and to
minimize field penetration from the high voltage on the first dynode of
the nearby electron.multiplier,‘ The precise transmission characteristics
of this energy analyzer as a funcfion of ion energy are not known, but
possible variations with energy should be small and should not influence
our conclusione.

The energy analysis was performed as follows: a DC voltage on
the retaiding plate was continyously varied by a variable speed ramp
generator. Typical seanning speeds were 1 volt/minute. Superimposed
on'the DC voltage a sinusoidal AC voltage (80-150 cps) from the
referEnce‘output of a lock-in amplifier was applied as modulation in

order to obtain direct measurement of the differential ion energy
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distribution by the same 1$ck-in amplifier. The peak-peak reference
signal height used was 300 mVy wheﬁ measuring_tﬁe energy.distributions
of the dissociated ions, and in the range 50—360 mV when measuring the
#enon (krypton) beam energy distributioﬁs. The full width half maximum

velocity spreads of the Xe and Kr beams ranged from 3-57% in all of the

experiments.

DATA ANALYSIS

In order to obtain detailed information about the dynamics of a

‘chemical reaction it is necessary to make measurements which characterize

the product states following a single reactive collision. Using crossed
molecular beams with well-defined distributions in incident velocity and
angle, we have measured angular and energy distributions of the ions

producedijlthe collision-induced dissociation of CsI, CsBr, and RbI.

&

From these differential dissociation cross section measurements - know-

ledge relating to thevenefgy disposal among dissociation products and
dissociation p%obability as a function of collision orientation has been
obtained. Ultimately, information concerning the interaction potentials
of the collision partners could be extracted from these data.

Since dynamical insight can onl& be gained by considering the
relative motion of the co6llision partners, our initial goal was to
obtain the differential dissociétion cross sections of the ion pairs
in the center-of-mass coofdinate,system. As a first -step toward this
goal it was necéssary to convert the measured ion laboratory energy
distributions, P(E, ©), to laboratory velocity distributions, I(v, ©O).

We have
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P(E, O)E = I(v, O)dv
and
dE = d(%-mvz) = ’mvdv
‘so that | |
Itv, ®av - PE ©. D

Now, as shown in Fig. 3, if the:energies of both beems ﬁerevpeffectlyi
monochfomatic,uthe tfansforoation from the laboratory coordinate eystemf
(LAB) to the center-of-mass coordinate system (c™) would‘be unique
‘and the differential croes sections iﬁ these two'systems would be’
‘related by N | | : |
‘ uz

T ® = g o @

<

where u is the CM recoil velocity measured from the tip ‘of the veloc1ty
vector ¢ indicating@the LAB motion_of the center—of—mass of the colliding
system, and. 6 is the CM angle of recoil.meesured from. the relative
,veloeitf vector describing the»feletive‘motion of the coilision partners.
However, invthese as in all crossed beam experiments, nelther beam had
a delta—function velocity distrlbution and thus a single point (v, O)
on ;he LAB'surface corresponds to.a.continuumvof points (u, 6) on~the ‘;
_ CM surface.l

FolloW:i.ng'Entem,zsmnz:4 and Siska,25 if averaging over the beeﬁ:
distributidns is included, thevrelatiohship26‘between ICM(u’ 0) “and _

ag (Vs 9) is given by

N 2 o
LAB(V’ 0) f dv fdvzn (v )n2(v2)V 2 CM(u 0,V)



-11-

where ny and n, are number density speed distributions in the beams
and V is the relative velocity vector. The typical procedure'in'making
use of this relation has been to replace the integrals by a weighted sum

over Newton diagrams and to attempt a separation of variables in the

center-of-mass differential cross section:

Iy(uw8,V) = U - T(e)'- Y(V).

Usually these separated representations are defined by functional forms
with variable parameters. There is, however, no a priori reason to

expect that ICM(u,G,V) should be separable in its variables. In fact,

27.,28

there exists ample experimental evidence that in some systems recoil

' velocity and angle are so strongly coupled that use of the separable

variable representation will for no choice of parameters yield good
agreement between the calculated and measured ILAB(V’ ®). In the
differeﬁtial.dissociation cross section measurements reported here it

can be seen from the high recoil energy forward scattered peaksrof the

‘light ions that fairly strong coupling exists between recoil angle and

velocity. Furthermore, since many of the measured distributions possess
two asymmetric overlappiﬁg recoil peaks, it would be difficult even to
obtain the best separable variable representations which; once acquired,
would still give good agreement with the measured data. Finally,
because of the narrow velocity distributions of the seeded heavy atom

29-31 ' . '
m and the fact that the fast atom velocity vector is more

bea
than ten times larger than that ofAthe alkali halide, the narrow fast

atom velocity spread dominates in determining the spread in the center-

of-mass vectors and a one Newton diagram LAB + CM transformation should
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yield_fairly accurate CM differential dissociation cross sections. These
favorable kinematics have led to ourvdecision,to use one Newton diagram
LAB - CM tfansformations.

Combining Egs. (1) and (2) then, we obtain

The left sidé of Eq. (3) contains only CM véfiébles whiié the right side
contains only'LAﬁ variables.l In- fact, sinCe:thg right side does not depend
on é choice of center-of-mass point, it»wili’not intféduce any improper
distdrtionAof the original lab data. Tﬁese qgantitieé, which eicept fof'
multiplication b& u2 are equal to ICM(u, 8) [Y(V) =1 for monochromatic
beams], ére'the'contours displayed in Figs. 5-11. o

for those experiments in which_differeﬁtial diSSociationvcross'
sections were measured for bofh ions af.a particular éollisién energy,
making thé assﬁmption that-the peaks-inefhe ﬁelocity recoil spectra of
the two ions on the (u, 0) surface are assoCi;ted with ﬁhelsame particular-
collision pfocess, conservation of momenfum yields the required velocity
recoil peak position of the (unmeasured) fast atom. Summétion-of the |

product fecoil energies could then be ‘used in an energy balance equation

int ‘ :
Em* Bx = Dot By f Ex™ * Eatom

to check energy conservation. Here E;;t is the average internal alkali

. ‘ C ‘ + - '
-halide energy, EM+’ EX and Eatom are the recoil energies Qf M, X |
and the rare gas atom, and De is the dis_sociation energy to the ionic limit.
In every case in which the Newton diagram used in the LAB -+ CM trans-

- formation was the most probable (m.p.) Newton diagram, the sum of total
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product recoil and De exceeded the available energy. This_effect Was
most pronounced’when the collisibn energy was nearest to threshold.
While the mdstvprobable relative velocity of the collisions is given

by the most probable Newton diagram, the steep rise of the total
dissociation cross sections with increasing collision energy; displayed
in Figs. 13 and 14, results in many moré dissociations from the high
energy.side of the approximately symmetric fast atom'incident.energy

distribution-(remembering that Iﬁl“l;a oml) than from the lower energy

t

side of the distribution. Thus the cross section weighted average

collision ehergy (= E_.. ') at which half of the observed dissociations

CcM

occur at higher collision energies and half at lower collision energies

will be larger than the most probable collision energy (ECM' > Ezﬁ?').

. This effect can be seen to be qﬁité important when it is realized that

even over.the fairly narrow energy diétfiﬁutions chafacteristic of
seeded heavy atom beams thetotaldissociatidnéross section at the high
energy tail is frequen;ly\almost ten times larger than that at_the low
energy tail. . Near the threshold; of course, the low energy tail-
cannot induce dissociatioﬁ,at all, so that the weighting of the higher
collision energies in our dissociation observations beéomes quite
drastic. It seems clear that a corréct'averaging procedure muéf
include the very strong dependence of,ICM(u,e,V) on the relative
velocity‘and that it"would not be surpising if the (U,G,V) dependénces
are’all coupled,

The compromise which has been made in the analysis between the

difficult and time-consuming full averaging procedure and the use of
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the most probable single Newton diagram involves sampling different
centgr—offmassApoints (corresponding to higher collision ehergies than
that definedvby the most probéble Newton diagfam) until a CM point is
~ found which, serving as the 6rigin of the CM s&stem in a one Newton
diagram LABF+-CM transformation, leads to recoil velocity aqd energy
peaké'of the’pfoducts which'consérve both momentum and tot;l energy.
The_ih—piane ceq;er—of-mass differential cross section, ;CM(u;.G),
shown in Fig.'12 for the Kr + CsBr system has been obtained using
this.Weighted-energy EZM ‘

conservation. Similarly, all CM recoil peaks_of'thevprbducts of

which best preserves both momentum and energy

dissociative collisions for the systems listed in Table 1, and the
subseduent energy transfer calculations, were obtained using the'bést‘
W

ECM in the LAB + CM transformation.

EXPERIMENTAL RESULTS, AND'DISCUSSIOﬁ;

" -A) Eﬁergy and Angular Distributiéns of Dissociation Products;
An‘eiample of the original laboratory distributiohs is shown in .

Fig. 4 for the_near threshold dissociation of CsI by fast #enon;v The 

smooth curves drawn throughthe energy distributions were transformed -

for each laboratory angle to plots of P(E, ©)/v. 'Cartesian" contour

maps, such as those shown in Figs. S—9Ifor Cs+ and_Br- prodﬁced in

Xe (Kr) + CsBr collisions; were conétfucted f;om theée plots. Figure 5

dispiays_Cs+ and Bri contours resulting frbm a Xe + CsBr &issociation,h

m' p.'

experiment with a most.probable'reiative collision energy, ECM , of

6.00 eV. "Examination of the Cs+-contour‘map shows a largé backward -
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(with respect to the initial direction of the fast atom) peak
syﬁmetrically 1oca£ed on the ;elativé velocity vector of ﬁhe included
.szt probable Newton diagram; It should be remembered that fhe ion
scattering must be symﬁetric with respecf to the relative velocify
vector (altho;gh peaking on the rélative veldcity vector is, of course,
not réquired),as, for any given imﬁact parametef b, the éphericé}
symmétry of the possible collisiqn ofientafions results in éll éossible
scattefing.planes being equally probable. ‘The és+ cartesian Contour
map of Fig. 5 also shows a smallfbrward sééttered peak located slightly
off the relative velocity vector. fhe ratio of the peak'intensify of
the backwafd ?eék to that of the forward peak, remembering that.multi—
pliéation by u2 has not yet been taken into account, is about 18:1.
'Careful examination of the Br contour of Fig. 5 locates a large‘fﬁrward
scattered peak and a small forward scattered shoulder closé to‘fhé most
probéble cénter—of—mass ﬁoint. | | |

Figure‘é diéplays the Cs+VEartesian contour map resulting from‘
the dissociétion of CSBr by fast xenon af.a;mostAprobéble:reiative
collision energy of 6.84 eV. It is>épparent from Fig. 6 tﬁat Eoth the
large back&ard and small forward peaks in the‘és+ distribution hé&e
shifted sideways (toQard a center-of-mass recoil angle of 8 =.96°) in
comparisoﬁ with the Cs+ recoil diétribution depicfed in Fig. 5
(Egﬁp"= 6.00 eV); At Egﬁp' = 6.84 eV, fhé ratio of tbe peak intensity
of the backwafd peak to that of the forward peak is approximétely 13:1.

Figure 7 shows the Cs+ cartesian cgntour ﬁép resulfing ffom a

Xe + CsBr experiment at a most probable collision energy of 9.46 eV.
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Again 1t is seen that both the lérge backﬁard peak and the small.
forward peak have shifted even more.sideways, and the ratio of fhe
peak intensities of the backward to forward peaks is about:6.5:1.

It is clear that as the collision energy is inéreased the C$+ recoil
‘peaks shift away from the relative velqcity vector andvthe f§rward
ﬁeak intepsity,valthoughfconsisténtly'smaller thén that of the back-
ward peak, grows in size. These trends are maintained when:the
disfributions are multiplied by uzg |

In Fig. 8, the Br cartesian contour map for a Xe + CsBr experi-

m.p.
CcM

smaller but definite forward peak located close to the most probable.

men£ with E =’.7.42 éV is plotted. A large forwa;d peak and‘a_
center-of-mass are observedﬁ Comparing this map with theBr’distributidﬁ
of Fig. 5, it is seen. that an increase in collision energy does not
appear to shift the angular location of the peaks; but fhe small forward
peak located near the-cenier—of-méss péintvcleariy increases in
intensity as the collision energy is increased. .

Figure 9 displays Cs+ and Br cartesian contour maps resﬁltingv
from the dissociative collisions of Kr + CsBr at a most probable
collision energy of 6.56 eV. Befpre ﬁultiplication by u2, the Cs+
disﬁributioﬁ shows a large peak at the center-of-mass point and a very
small shouldér in the forward diréctibn slightly §ff‘the felative
velqcity vector. The Br contour map shows a single inténse peak in
the forward direction located well qff the relative velocity vector;

in Fig. 10 the Rb+.and 1 cartésian contour maps for a Xe + Rbl

m.p.

experiment with'ECM = 5.97 eV are plotted. The Rb+ map shows two
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distinct forward scattered peaks. The less intense peak is located
nearer the cen;er—of-méss point and on the relétive”velbcity vecéor
while the more intense peak is a very broad peak, tﬁe péék angéiér
position of Vhich is also either near or on the relative veloéity
vector. This high recoil velocity peak provides a good examplé of the
coupling bétween ﬁ and 0. Drawing a line through the P(E, 6)/v |
contoﬁr of highest intensity, 130, separability of the (u, 9) cross
section dependence would require that this line describe a circle
around the center-of-mass point, i.e.; the separable function ﬁ(u)
should ﬁave only one value of u thch maximizes it‘fof all 9. At wide
angles.it\is clear that thé line bisecting this contour is cloéer to
the cen;er—of4mas§ point than at-angles‘cloée“téﬁthé relative veibcity
vector, and, therefore, the (u, 0) dependence;'offiCM afe‘nof éeParablé.

The I~ contour has an intense backward peak off the relative velocity

vector and a small peak, increasing in intensity as the collision energy

m.p.

oM =\4.94 eV

increases.(rglative to another Xe + RbI experiment at’ E
whiéh.is not shown;; whiéh appears in the‘for%ar& difeétion.near the
relative velocity vector. |

Figure 11 displays the cartesian confour maps of Cs+ and I from
dissoéiative collisions of Xe + CsI at Ezﬁp' = 5.97 eV. The distri-
butions of both ions show two diétinct-péaks an&>aréﬁquite siﬁilar.
The ratio of the peak intensities of the large backward to smaiier.
forwafd peak‘is larger'for.Cs+; the heavier ion, than for 1.

Finally, Fig, 12 presents an example of the CM differential

. + - ) .- : . L
cross sections of Cs and Br from Kr + CsBr ‘dissociative collisions



-18-

obtained by multiplying the cartesian maps'of Fig. 9 by u2 using a
Newton diégram characterized by EzM.
The most impértant feature characteristic of the contour maps

displayed in Figs. 5-12 is the existence of two distinct asymmetric
peaks in the distribution of each ion at sufficiently high relative
collision energies. A simple.explanation for these. two peaké is

the éxistence of two distinct méchanisms-which lead to dissociation.
The relative dissociation efficiencies are reflected by the relative
intensities within fhe two peaks. In the dissociation of CsBr by
fast xenon, it is seen that the dominant diséociation mechanism
produces Cs* peaking backward and Br peaking forward, ﬁhile the less
efficient mechanism produces Br élightly forward and Cé+ farther
forward. Similar observations are seen iﬁ the diséociation of RbI.
The dominanf dissociation mechanism in the Xe‘¥ RbI experiments
results in backward scattered I and far forward scattére&-Rb+, while
the iess‘efficient mechanism leads to forward scattered Rb+ and
farther forward I . These associations of ion fecoil peaks are
required if charge balance, conservation of momentum, and conserQétion
of energy are to be preserved.

Since Rb+ and Brf are of approximately the same mass but opposite
charge,“as are Cs+ and I , and since the cartesian éontour maps for |
‘both sets of ions of approximately equal mass are very similar, it is
apparent that the dissociation mechanisms and their resultant ion paif
scattering are very strongly mass dependent. Further'evidence of this

mass dependénce is found in the very similar nature of the cartesian
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contour maps of Cs+ and I produced in the dissociation of CsI by
xenon or krypton. In addirion, for a given relative collision energy,
comparison of the Cs+ contour mape from the dissociation of CsI
and CsBr (or the 1~ contours from CsI and RbI) shows that the ratios
of forward to backward peak intensities are very different, indicating
that the mass/dependence of each dissociation mechanism includes both
atoms of the alkali halide. |

In an attempr to characterize these two dissociation mechanisms,
let us consider two limiring-collision orientations-the rare gas atom
hitting each side of the alkali halidevin either a nearly collinear

configuration or a nearly perpendicular configuration. The predictions

- of the differential scattering, predominantly determined in these systems

by replusive forces, which each orienration provides will be.compared.
As wiil be discussed shortly with regard to the energy transfer com—
putationa listed.in Table 1, conservation of momentum requires that

in every case the rare gas atom recoils backward frcm its inirial
direction (0°) before collision. In the Xe + CsBr system, the principal
dissociation mechanism results in bs+ and Xe scattered backward and

Br scattered far forward frcm the center-of-mass of the three particles.
In a nearly perpendicular collision, the only configuration which would
result in.Br_ scattering far forward_would consist of xenon hitting the
bromine atom directly with_cesium approximating the:role of a specrator.
However, both the mass and velocity of xenon (based on three particle
partitioning of the relative velocity vector) far exceed tbqse of

bromine, and such a two-body collision would almost surely result in

xenon slowing down but continuing in its initial direction. This



configurétion would then result iﬁ Br ana_xenon scattered forward ahd
Cs+ scattered back&ard. In order t0’havé xenon scattered backward, tHe
impact parameter must be small. But for perﬁendicular collisioné with
small impact parameters, one does not expect to see two distinct peaks
for each of the dissociated ions. Therefofe, a collision configuration
of xenon hitting CsBr ﬁearly péfpendicularly is not in agreemént wifh
experimental observations.

In a collinear collision there are two orientations of CsBr
along the relative velocity vector providing differént dissociation
efficienéies, and it is easily seen that xenon is likely to scatﬁér'
backward in collinear or near collinear colliéions. If the collision
is strictly collinear; the only cohfigﬁration'ﬁhich'cduld result .in Br
being scattered far forward requires xenon incident-on the cesium atam,
and qualitatively we would also expect ﬁenon to recoil backward while
Cs+ remained fairly close the center—of—mass. From the point of view
.of the efficiency of impulsive momentum transfer that xenon incident
on lighter bromine would transfer energy more efficiently to CsBr ;han
xenon incident on cesium. But in é strictly collinear collision, which
is a very rare event, the secondary collision between bromine and xenon
is expécted to transfer a large fraction of initial CsBr excitation
back to the xenon atom. A morevlikely collision configurafion for éh
efficient dissociation of CsBr is one in which xenon is incident on
bromine in a neér collinear configurgtion with a small but finife
impacf parameter. The impulsive collision between xenon and bromine
then,.not only causes the compression of the Céﬁr bond but.also induces

- . +
a rotational motion which sends Br into the forward and Cs into the

o,
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backward directiqns with respect to the direction of the initialkxenoq
velocity. This ié‘pfécisely what welfound in our three dimensional
classical trajectory calculations, to be mentioned later. The more
efficiént neaf collinear configuration is the one in which Xe or Kr
is inci&ent bn the lighter atom of the.alkali halide; this_is expected
to be a general phenomenon in all systems studied ip this work.

There are some important qqalitative observations which shoulq
be mentioned before we proceed with a more quanfitative discussion.
The striking similarity of the contour maps of_Cé+ and Br (Xe‘+ CsBr,

E m.p.

zﬁp' = 6.00 eV, Fig, 5) to those.éf I .and R$+ (Xe + RQI, ECM =
5.97 éV, Fig. 9) is quite interesting. The fact tha;vthe pai;s
Cs+, i- and Rb+,ABff have similar ﬁasées, different size‘and hapdness,
yet nearly idéntical’contour maps,vieads us to conclude that the mass
ratio of the atoms iﬁ the collidiﬁg;éystém plays a much more important
rolevthan the size and hardness of tﬁé atoms. .The same conclusion could
be derived ffom the siﬁilarity of fhe Cs+ and I contour maps inlthe
Xe 4+ CsI experiment at Egﬁp' = 5,97 eV'sﬁown in Fig,Jll.

| Physically, we would expect thét the efficiency of a particular
dissociation ﬁechanism would be directly related»to tpe efficiency‘
of the energy transfer to the relgfive motion of the atoﬁs whose bond
is to bé broken. It is tﬁen ofrvaluebto describe the relationship

between the masses of the three interacting particles and the total

transfer of initial collision energy to the relative motion of the



diétomic’ £he relative ion pair recoil energy}having been.céléulatéd.
from the center-of-mass differential'dissociatiqn-cfoss séctionsi
Theéé cenfer—of—mass differential dissociatioﬁ cross sections haVe
been obtainéd;by multiplying the cqrrespondiﬁg cartesian maps by'uz,
where -the u = 0 (CM point) was chosen to correspbnd to that Newton':

» which best

diagram, representing'a relative collision energy EgM

preserﬁes‘energy conservation in the éolliéiona 'it should°be»
remeﬁbered that these in-plane distributions,vwhénkrotatéd 360°
‘about the relative velocity vector, gene;ate‘thé-differéntial‘dissoci—
ation crosslsections in all space. From this cylindriqai symmetry if
can be seen that the total ion intensity summed over u for a givenze
of the in-plané distribution must be weighted by multiplicafion of sin O
in ofder to-obtain the.angblar distribution éf the totélvion intensity
as a functiog of 6 summed over all ¢. Thus, itnié not unusual that
the ICM(u, 6)'1n—p1ané distribution,ﬁill weight fairl& intenée contoufs
which peak near the relative velocity vecfor (before multipliéation by
sin 6)_so héavily that quite intense sideways‘peaké at lower laboratory
velocitiés afe left unobservable. This is perhapé'the case iﬁ"the Br
"differential disébciation cross section shown in Fig. 12.  For theSe
low intensity peaks resulting from the'leésipreferred dissociation
mechanism, oﬁérlap of iﬁtensity from the-domihant peak has.freqﬁénfly
made it diffiéult to aééurately assign the Peak positionbgf the'smaller T
peak. | ; | ,. | |
| Another difficulty'in’computation éf ;hg'énergybtranéfersigfosé
in casgé_in which bogh ion peaks appeafed off the felative veldcity; -

~vector. It was necessary to determine whether these two peaks appear -
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on the same or opposite sides of the relative velocity vector. 1In
most cases it was possible to make this discrimination by requiring

. w
conservation of energy at some reasonable ECM

. This check of energy
conservation was made by first finding the xenon (krypton) (u, 9)
peak position using conéervation of momentum and the ‘two proposed
ion peaké, and then summing the recoil energie§ in an attempt to-
achieve energy balance, |

Having obtained the recoil peak positions of all three products,
it has been possible to calculate the energy of recoil within the
relative motion of the ion pair and thereby obtain a measure of“the
most probable energy transfer among those collisions which lead to
dissociation. Table 1 summarizes the resulfs of these calculations..
This table lists for each set of collision partners the most probable
m.p. w o

collision energy. E.y , the weighted collision energy E oy

leads to energy conservation, the peak position of the differential

whiéh.best

dissociation cross seé;ions of‘phe ion_pairs on_theﬂ(u{ 0) surface,

the recoil velocity peak'positipn of the rare gas_atom,’the normalized
relative energy of recoil between, the alkali and-halidé ions (M+3 X))

and two measures of the percentage of the initial relative.collision
venergy which is transferrred to MX relative motion. _If any dissociations
are to occur when ECM‘=\De - Eint = D', i.e. when tﬁe relative kinetic
energy just'equals_the average effective dissociation threshold, namely
the difference betweeﬁ the dissqciation energy and fhe.internal energy,

the separated products would possess no energy of recoil, the energy trans-

fer éfficiency D' + EM+ e (=0)]/ECM,wou1d have to be 100%, and the cross
s
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section for‘digsociation would be approximately zero. As the collision
energy is increased, the energy transfer efficiency would not have to be 100%,
and energy éonservation would no longer restrict the M+, X~ relative recoil
- energy to zero{' The_tota1 amount of energy transferred to the relative
motion of the diatomic,'theﬁ, is equal to the effective dissoqiation
energy D' plus the M#, X relative recoil energy. The quanfity

{[p' +.EM+’X—]/EZM} x 100% thus represents the most probable percentage
energy transfer among those collisions which lead to dissociation.

Because the true peak in’theenergyfransfervdistribufion for these‘
atom-diatomic molecule collisions may at some gpllision energies'and »
orientations be too low to produce;dissociation: while the high energy
transfer tail of the distribution could result in dissociation with

small EM+, X the percentage energy transfer calculated from the above
expression will not be very meaningful as a measure of the most probable
energy transfer in these weakly'dissociafivecases.IﬁOrdertoobtaina.general
feeling aboutvthe trend in energy transfer for a given collision orient-
ation as a func?ion of collis;on-energy at energies so low thét EM+, %

is very small, the_quaﬁtity'{EM+’ X—/[EZM - D1} x 100% has been tabulated.
This'expression calculates the percentage of excess total energy over
-and above that needed to induce dissociation which is transferred to

the relative motion of M* and X . For those experiments, indicated by'
asterisks in Table 1? in which EM+, X—'is small gnd the most probable-
energy transfer in the collision does not induce dissociation, this

latter quantity gives a good indication of how energy transfer is

changing as a function of relative collision energy. For all cases
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without anasterisk, EM+ X~ is large enough so that the quantity

b4 . .
{[p' + Eﬁ+’ X-]/EZM} should provide a goodvmeasure of tbe.most ptobable
energy transfer.

Because of the internal consistency of the diffefential_dissociation

-‘cross sections summarized in Table 1 and the relative total dissociation

cross sections which we have measured, it is of value to present‘thgse
latter results at this time. - The total relative cross sections for the
dissociation of CsI, CsBﬁ, RbI,iand KI upon impact with xenon and krypton
have been obtained;as functions of the center—of—ﬁass relafi&e kinetic
energy. The results are shown in Fig. 13 for xenon and Fig; 14 for
krypton.

One very obvious feature of these measurements is thg extremely
strong similarity of the CsBr and RbI results. fIhe total relativeA
dissociation cross sections of CsBr and RbI are virtuéllyv
indistinguishable in collisions with xenon andvalso withikrfpton. Wﬁile
we might expect, and indegd.do observe, less asymmetry in peak heights
resulting from hitting on the rubidium (85.47 a.m.u.) versus iodine
(126.91 a.m.u.) ends, than in the peak heights resulting from hitting
on the bromine (79.91 a.m.u) versus cesium (132ﬂ9l a.m;u.)'engs, the
totél masses of CsBr and RbI are 212.83 a.m.u. and 212.38 a.m.u.,
respectively, and since the total dissociation cross section sums the
dissociation probabilities for each orientafion, ig ié apparent that
the small mass differences betweep cesium and iodine and betweeﬁ bromine
and rubidium compensate for each éthef. Table 1 reflects the differences

in peak height asymmetries in energy transfer terms. For the preferred
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dissociation mechanism, labeled (A) in Tablebl,vXe -+ BrCs (Egﬁp' =
6.00 eV) results in a very large 95.3% of the initial energy
transferred to the relative motion of CsBr. For thé-less asymmetric

(in both mass and peék_height ratios) RbI case, the preferred Xe =

m.p.
CM

energy transfer. For the less preferred Xe -+ IRb orientation, it is

RbI (E = 5.97 eV) orientation-leéds to a siightiyvsmaller 92f9Z
‘éeén that the relative ion recoil energy is only 0.015 eV. vThe peak |
angles‘in 8 for all thrée ﬁroducts ére within‘10°.of the relative
velocity vector. It seéms clear that the_ﬁbst pfobable energy
transfer for xenon hitting iodine in RbI almost collineérly at this
energy will not induce dissociation and, therefore; only the high
energy transfer tail contributes to the dissociation., This can be
seen by éomparing the‘total energy transfer of 70% with the pér—
céntage of excess energy which is trénsferred, less than 1%. We

. could expect similar resuits for Xe + CsBr collisions, but tﬁe very
small intensities of these peaks make it difficult to confidéntly
assign peak positions.

Actually, the qualitative féétures-of the efficiéncy of enérgy
transfer discussed above and the energy dependence of the totai
dissoclation cross sections shown in Figs. 13 and 14 can be easily
understood from a simple consideration of a hard sphere coliision
between an atom and a diatomic molecule. This understanding requires
the assumption (verified, as discussed later, by classical trajectory
calculations) that the forward scattered ion corresponds to that atom
impulsively étruck in a near collihear collision by the incident rafe

gas atom.
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Let us consider the following collision configurationi

where répresents the alkali halide and .@'the'bincoming fast atom.

. : r. .
If A, B, and C are hard spheres and the initial AB internal energy is

zero, 1t can easily be shoﬁn thrbugh energy and momentum consefvation v
that the fracﬁion (EAB/T) of the initial relative kineticienergy (T> which
is transferred to\énergy,of relativé motionsof AB'(EAB) follo&ing a. V
gingle B~-C collision depends only qn:the masées of the three particles

_involved, and is given by32

_EAB ) 4mAmBmc(mA +,mB.+‘mC)

2 2
T Gy tmp) (e tmg)

(4),

where m,, mB, and m, are the masses of the Colliding atoms. It can be

(]

seen that the denominator of equation (4) is asymmetric in m, and mB,

" and éonsequentiy, for m, # my, we would:expect'different'fractibnal
energy transfers when the two different atoms of the diatomic serve

as the.cenfral atom B.i Thus for the orientations Xe BrCé‘and

Xe + CsBr we find respectively that EBr/T = 95%{and ECS/T\# 61%;‘£hese

calculated hard-sphere fractional energy transfers méy be compared with

Br

the experimental values of E
exp

/T = 95.3% and EC° /T = 74%. Here

exp
747 represents the minimum peréentage energy transfer-mnecessary -to
induce dissociation under the experimental conditions_(Egﬁp' = 6,00 eV)
depictéd.in Fig. 5, and EBr and ECs represent the energy of relative

motion between Cs and Br when Br and Cs act as the center atoms.
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The fractionél energy transfers calculated for various coliiding
species with different configuratidns by a hard sphere impulsive
collision ﬁodel are tabulatéd in Table II. _A comparison of these
calculatedvvalues with the experimental values, BEM+, X~ + D)/Egé} X
1007%, listea in Table I indeed demonstrates very good agreement. For
example, when comparing the more preferred (light-atom) orientation,
labelled (A) in Table I, with the less preferred (heavy-atom) orientation
(B), it is seen that the size of the energy transfer is reflected in the

differential cross section peak heights. For the strongly asymmetric
Rb
exp/
sphere ERb/T =-92.4%), while Xe - IRb (calculated EI/T-= 65.1%,

E' % 3.9 eV < D' for E

Xe + RbI system, Xe - RbI transfers E T = 92.9% (calculated hard-

m.p.
cM

For the Xe + CsI experiment at E

= 5,97 eV) only rarely leads to dissociation.

m.p. _ S § :
oM 7.37 ev, Eexp (Xe + 1ICs) and

Egip (Xe + CsI) are 1.76 eV and 1,18 eV reépectively. These are very

substantial recoil energies, and in this case it is.thus-reasonable

to say fhat the most probabie ttaﬁsfer in near collinéar coilisions

does ;egd to dissociation. By way of compariéog, szp/T = 80,5% and
Ez:p/T = 72.6%, while the calculéted‘equivalents are EI/T = 77% and

vECS/T = 73.5%. :

Also obvious from Table I are the additional model-corroborating
observations that kenon transfers energy more efficiently than krypton
and that, for the same initial relative kinetic energies, Xe > RbI
~ transfers energy more efficiently than Xe *.CsI. Finally, it can

be seen from the three Xe + CsI experiments at different energies

that the most probable percentage energy transfer increases with
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enefgy, as‘demonstrated by.the increase in the percentage of excess
{nitial energylffansfeffed to the relative ehergy‘of ion separatioh.
"~ B) Collision Energy Dependence of Total Dissopiation Crbss Sections.
Figure 13 shows that'at low energies only slighfly.above thres—-
hold the total cross section for xenon-induced dissociation of CsI
is lower than that of the other three salts studied. This is not
surprising in view of the fact tﬁat_EAB/T is about 75% for both
orientations, Xe > ICs aﬁd Xe + CsI. This is much lower fhén the
97% and ~947 transfer efficiencies obtainable'for Xe > KI and
Xe - RbI (BrCs); Thus, at low collision energies the ﬁreferred
light-atom orientations, Xe - KI (BrCS;'RbI),éfficiently transfer-
sufficient energy to induce dissociation while ﬁeither drientation
in CsI effectively'ptomotes dissociation. When the collision energy
is raised above 6.5 eV, howéver, ;he CsI dissociation cross section
becomes larger ahd has a steeper slope than that of Cst, RbI and
KI. This résult'can be eésil§ undersﬁood since both orientétions
of 'CsI with E/T of ~75% dissociate ihcreasingly efficieﬁtly at ﬁighér
energies while the configurationste > IK, Xe = CsBr, énd)Xe -> IRb,v
with réspective EAB/T values of 42%, 61% and 65%, contribute to the
dissociation with only part of their energy frénéfer distribu;ions.
At higher energies between 6.5-10 eV, then, the obserQed'tren@,
6(CéI) > d(CsBr) = G(RbI5'5 G(K15; is expected from our modei.uﬂ
From Fig. 14 it is seen that at low energies the total rilétive
krypton—inducéd dissoéiétion cross sections follow tﬁe trend
G(KI) > o(RbI) = 0(CsBr) > 0(CsI), 1In addition, it is observed

that the threshold extrapolated from the Kr +~CsI‘curve is larger
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than the theoretical threshold energy of 4.37 eV for producing Cs+
and I_, and that at energies between 6.5 - 8 eV the CsI slope becomesl
steeper than the slopes for the other salts., Tﬁese results are quite
similar in nature to those observed in the low energy regime of
Xe-alkali halide (MX) dissociations. In Kr-MX collisions the mass
effects are much more pronounced than in the corresponding Xe;MX
encounters. This is to be expected, since the EAB/T values for Kr -
KI, Kr - RbI (BrCs), and Kr + ICs are 100%, 85%, and 657 respectively.
The significant differences in the dissociation cross sections for
these systems at low énergies are_thus due to the large differences
in the efficiencies of energy transfer. Apparently, with an average
EAB/T of 637, Kr + CsI does not dissociate effiéigntly evén at a

collision energy of 8 eV.

It is of interest to examine the metal halide dissociation studies

10-15 in the light of the dynamical picture which has

of Parks et al.
emerged from the present work. Parks et al. haye performed experiments
to ﬁetermine the absolute total cross sections for dissociation of T1F,
T1Cl, T1Br, Tli, CsCl and the corresponding dimers to ion pairs upon
impact with hypérthermal xenon:anqykrypton from a seeded_supersdnic
molecular beam source. Their results for xenon-induced dissociapion
show that o(T1C1) ~ 1/30(CsCl) ~ 106(T1F) ~ 100(T1Br) ~ 10000(T1I).
Their krypton—in@uced.dissociation cross sections are of similar mag-
nitudes except for T1Br where Oxe(TlBr) x 100Kr(TlBr). One.major

difference between alkali halide and thallium halide ionic dissociation

cross sections is immediately apparent: in the present work, at a given
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CcM

1on pairs observed among all the alkali halide/rare‘gas combinations =

E colliston energy, the total cross sections for dissociation to

sampled ranged within a factor of two ofrone another;‘dissociative

ion pair formation from’the thallium halides, on the other hand,
varied.over one.to three.orders of.magnitnderin>crossbsection.w.The

mass trends and dynamical phenomena demonstrated in the oresent‘studies
should be directly aoplicable to)the collision—inducedIdissociation'of
thallium halides. The principal (and because ot the large‘mass of

the thalliumatom perhaps only) active dissociation mechanism 11kely
conslsts ‘of the rare gas atom 1ncident on the hallde atom in a near
collinear configuration; formard peaking.of:the halideaion-and backé _
ward peaking of the thallium ion and recoiling rare:gas atom ma&'also

be expected - Yet it appears unlikely that the energy transfer
~effic1encies which so dominate ion pair formatlon in alkali halide
dissociation can byfthemselves explain the.large variat10ns_1n dissociaf"
tive ion pair formation cross_sectionsvohservedhfor the thallium_halides.
This can.be seen by noting that although the imoulsive‘model.predicts |

" for. the configurations Xe > FTl Xe »> ClTl Xe - BrTl and - Xe - ITl per-

centage energy transfers (E T, see equation (4)) of 64.2%, 88 34,

AB/
98.9% and 86. 1/ respectively, the dissociatlve ion pair formation cross
-sectlons follow the trend 100(T1F) = o(TlCl) 100(T1Br) lOOOo(TlI)

Parksvgt;gl. postu1ate that the apparent lack of 1on'pair formation
in T1Br and TlI dissociation is due to the dominahce»of the adiabatic

dissociation channel to separated neutral atoms while they attribute

the low yield from T1F to inefficient collisional'energy transfer.
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Using tabulated bond energies, molecular constants and thermodynamié
data, they have conétructed two-body potentiél energy curves such that
the splitting of the two lowest (identical symmétry) states in the
avoided crossing region reproduces the ion/neutral branching rafios
they have estimated from their data. Since they have ﬁot made measure-
ments to characterize the neutral exit channel dissociation products,
such estimates require the as yet unprbven assumption that the total
dissociation cross sections (ion plus neutral pairs):are comparable for
T1Cl, T1Br and T1I. Clearly the magnitudes of thése summed dissociation
cross sections will be strongly dependeﬁt on energy transfer eéficiency
gonsiderations ahaiogoﬁs to those found in the'present studies.
C) Classical Trajectory Calculations. |

»Iﬁ an effort to Qualitatively understand.the rich dynamical features
experimentally observed in the present work, limited fhree—dimeﬁsional
classical trajectofy calculations were performed on the Xe +'CsBr system
colliding with an energy EgM .

cofresponds to that sampled in the experiment plotted in Fig. 5.) The

= 6.23 eV. (Note that this collision energy

. primary objective of these calculatiohs was the generation of a pictorial
description of the nature of those collision trajectories ﬁhich most
frequently result in dissociative ion pair formation. Novatteﬁpt was
made to utilize the approxiﬁétely transformed experimehtal data tol
iteratively define the most appfopriate potential energy representation
iof the colliding system.

Throughout all of the calculationé 5 Rittner potential33 ﬁas used
to represent the Cs+-Br- interaction and exponential replusion + R-A,

. + _
R attraction potentials34 were used to model the Xe-Cs and Xe-Br
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interactions. Explicity we have
2 v
V. . (r) = Aexp(- 5) - ¢ Cegt ¥ 07
CsBr P p r 2 4
r
and _
2 2
R ea. 30LCIC BIBICaBuC
Vpe(®) = Qexp(= ) = ——F - ——¢ - T 6
_ 2R 4fCR Z(IB+IC)R‘

2e2a -
€ %cstr”

7
T

s

where BC may represent either Cs+Xe or Br Xe. The numerical values used

- for the parameters in the above expressions are as follows:

iliti - :
abilities Opr7s Yot Oye

repulsion, van der Waals constarts A, p, C = 4690 eV, 0.361 &, 135 ev &

ionization potentials I_ -, I

respectively;r35 Br

12.1 eV respectively;34 oscillator

~ repulsion constants QCs+Xe’ cCs+Xé

rgplu31on constants QBr—Xe’ OBrXe

Cs®’ IXé

strength f = 5.6 (dimensionless) ;

3230 eV, 0.363 & respectively;

polariz-

= 4.5 K;, 2.5‘§3, 4.01 K3 respectively;35'

6

= 3.5 eV, 3.9 eV,
34

36

1952 eV, 0.465 & respéctively{36

The three applicable two—bddy'poteﬁtial eriergy curves are plotted as’

functions of internuclear distance in Fig. 15.

" Three different series of trajectory calculations were carried

out.

First, dissociated ion contour maps averaged over randomized

initial conditions were generated as functions of internal angular

!

momentum quantum number and total internal energy.” These maps demon-

stratiVely‘ reproduce the principal features of the experimentally

measured contours, e.g., Cst\peaking'backward and Br peaking forward,‘

and show only minor variations over the range of internal molecular

parameters representative of the experimental conditions. ‘Second,

calculations at fixed impact parameter and randomized collision
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orieﬁtation:hlacoplanarconfiguration were performed to identify and to
éroup sequences of dissociative trajectories. Finally,Aindividual
trajectories were traced_(aA, 63, 60,'6 . $B’ GC’ RAB’ RBC’ RAC’ VAB’
Véc, VAC versus time) and the dominant features of the dissociation
mechanism were cataloged;_ Generally speaking, compressive collisions
of the incbming xeﬁon atom with the bromine (light atom) end of the
alkali halide in near collinearvéonfigurations moét frequently result in
dissociative ion pair formation. Table III lists for fixed impact
parameters of 1 & and 2 X the approximate percentage of dissociative
trajectofies initiated.by Xe - B;, Cs compressiéns/exﬁansions and the
resultant percentages for ﬁroduét scattering info the backward versus
"forward hemispheres. Qbservations which are immediately apparent from
Table III are the dominanée of the xénon‘on bromine collision coﬁfigura—
tion and the qualitative Simila:ity of_the calculated recoil product
peak height asymmetries with those measured in experiment. It is °
interesting and not particularly surprising to note that the inefficient
energy.transfer xenonron cesium collision configuration contributes a
smaller fraction to the dissociation at the more 'grazing' impact paré-
meter of 2 R tﬁan it does at b = 1 &.

- Two typical dissociative trajectories are traced in Figs. 16 and
17. The collision event depicted in Fig. 16 is representative of the
dominant dissociation mechanism observed throughout this work. Xenon
is incident with small impact parameter on bromine in a near collinear

collision; Br is seen to peak forward while Cs+ and Xe recoil backward.

Figure 17 demonstrates the callidant pathways for the less preferred
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‘dissociation mechanism, xenon incident on cesium atom in a near collinear
v . _ ., _
configuration. In this particular case Cs scatters forward, Br recoils

to the side and Xe scatters backward.

SUMMARY ‘

At energies just a few electron volts above threshold the differential
dissociation cross sections for ion pair formation contain two peaks
corresponding to two limiting case dissociation_mechanisms. As the
collision energy is iﬁcreased, these diffuse peaks are‘seen‘td shift side-
ways off the felative velocity vector and to become more balanced in
intensity reflecting both.the increased_impdrtahce or larger impact para-
meter coliisions (bdb weighting) and the enhancement in dissociation prob-
ability for collision configuration in which the energy transfér efficiency
is less than ideai. Mass and oriéntation effects observed in both the
experiﬁents and the trajectory calculationsvare consistentviﬁ their
definition of these limiting case dissociation mechanisms;neaf collinear

collisions of the rare gas. atom with the light (most efficient) and heavy

(less preferred) ends of the alkali halide m§1ecule.
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TABLE 1
MOST PROBABLE ENERGY fRANSFER TO THE RELATIVE MOTION OF THE DISSOCIATED. ION PAIR

CALCULATED FRPM THE PEAKS OF THE DIFFERENTIAL DISSOCIATION CROSS SECTIONS -

(u, 0) peak positions

(eV) 3 (eV) in (x 104 cm/sec, degrees) (eV) EM*. X + D"x 1002 EM+ X;b
Colliding g2 P ol | ) : : EH* - E——*——— X 100%
Species cM M + don ion Rare Gas Atom ~M', X cM X8
Xe + CsBr (A) 6.00  6.23 (6.2, 180°);  (18.35, 0°);  (4.89, 180°) 1.46 95.3 834
Kr + CsBr (A) 6.56 6.73 (6.41, 106’,; (15.3, 22.5°); (18.7, -125°) 0.48 75.6 il.O
Xe + RbI  (A) 5.97 6.04 (16.5, 5°); (5.32, 155°); (6.81, -153°) 1.389 92.9 : 89.3
(B) - 5.97 6.04 (7.6, 10°);  (10.55, 5°); (5.1, -173°) 0.015 S 7002 : 0.83
Xe + CsI  (A) 4.58 5.06 (3.9, 3% (1.8, -39°);  (9.21, 166°) 0.153 85.4" o172
Xe + Csl  (A) 5797 6.43 .(6.79, 82°); (12.65, ~14.5°); (13.33,.-164') 0.588_ - - 74.0 ) 26.0
Xe + Cs1  (A) 7.37 7.44 (8; 150°); - (18.65, 0°): (11.73, -160°) 1.76 ] 80.5 55.0
(B) 7.37 7.44 k16.75, 0°) (7.0, 1;5’);. (15.37, ~156°) 1.18 72,6 36.9
Kr + CsI  (A) 6.77 7.44 (7.55, 95°)  (14.0, -13°); (20.84, -160°) 0.86 ' 67.7 26.4
| (B) 6.77 7.44 (12.21, 0°); (7.43, 88°); (22.73, -150°)v0.526 ' 63.1 : 16.1

(A) Refers to calculations for the dominant dissociation mechanism.

(B) Refers to calculations based on the less preferred dissociation mechanism.

-0y~
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- Xe

- Xe

* : .
Fractional energy transfers, E/T are

Table II. Hard Sphere Impulsive Collision Model for Collisional
"Energy Transfer, E/T#* '
>éystems_ E/T* (%) | Systemé' E/T* (Z)
Xe > CsI 73.5  Rr+CsI 61.3
Xe + ICs 77.1  Kr » ICs . 64.8
> RbI 92.4 Kr - RbI - 83.3
Xe » IRb 65.1 C Re o> IR . 53.8
> CsBr 60.7 Kr + CsBr 49.6
Xe + BrCs 95.0 Kr + BrCs - 87.1
Xe > KI 96.8 | Kr + KI 99.8
Xe + IK 42.2 Kr

»> IK : 34.0

calcdlatedifrém equation (4).
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Table ITII. Semi-Quantitative Grouping of Co-Planar Dissociative
Collision Trajectories. '

Nature of First Collision, % of Events
: a | b » Br ' '
Xe>Br(C) Xe+*Br(E) Xe (E) Xe+Cs(C) Xe+Cs (E)
- Cs
b=123 59 - . 8 : 19 ‘ 12 2
b=22 | a1 . 30 2 3 1
Angular Distribution of Products
Br o Cs+ o - Xe
Backward 16 . 72 91
b=12 ‘ | ,
S Forward 84 - 28 9
. Backward 4 : 92 ' 49
b=2A . ‘ . :
Forward 96 : 8 51

Initial Conditions: Rptational quantum number = 400
Internal Energy (E .. +E__) = 0.12 x 10—11 erg
- vib rot -11
Relative Collision Energy = 0.998 x 10 erg

*Based on 70 dissociative trajectories for each impact parameter.

alkali halide bond compression.

()

(k)

alkali halide bond expansion.
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FIGURE CAPTIONS

Fig. 1. Schématic drawing of the experimen;al arranéement,
Fig. 2. .Typical energy sbeétfa of xenon and kfypton beams préduced
" upon ionization by electron bombafdment followed by retarding
field'analyéis of the resultant ions. .Singly?'aoubly and -
.triply ionized xenon and singly and &oubly ionized krypton -
are produced upon bombardment with 140 eV electrons. .Thepulse-
héight threshold discriminator was adjusted to favor the |
detectién of mulfipiy charged iomns.

Fig. 3. ARelatioﬁship between laboratory and center of mass coordinate
systems. | | |

-Fig, 4.“ An exampie of the laboratory energy‘distributions of a
dissociated pair as plotted by an X-Y recorder. Théée distri-
butions ofWCs+ and I result from near thfeshold diséociative
collisions of xenon and cesium iodide;

Fig. 5. Cartesian contour maps of Cs+'énd Br fesulting from dissoci-
ative Xe + CsBr collisions at a most prbbable relative collision
energy of 6.00 eV. | |

Fig. 6. Cartesian contour map of Cs+.fesﬁ1ting‘frqm diSSOEiatiVe Xe +
CsBr collisions at a most pfobablé;reiative collision energy »

~of 6.84 eV. | | |

Fig. 7. Caftesiaﬁ coritour map of Cs+.re§ulting froﬁ dissociativevXe-+
CsBr collisions at a most probable relative doili;ioh Enefgy
of 9.46 eV,

Fig. 8. Cartesian contour map of Br resulting from dissociative1Xe +
CsBr collisions at a most pfobable relative collision ene¥gy

of 7.42 evV.



Fig. 9.

Fig. 10.

Fig. 11.
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, + _ ,
Cartesian contour maps of Cs and Br resulting from dissocia-

tive Kr + CsBr collisons at a most probable relative collision

energy‘of 6.56 eV.

Cartesian contour maps of‘Rb+ and I resulting from dissocia—,
tive Xe + RbI é&llisions at a most probable relative gollisioﬁ
energy of 5.97 eV.‘

Cartesian contour maps of Cs+ and I~ reéulting‘from dissocia-

tive Xe + CsI collisions at a moét probable relative collision

~ energy of 5.97 eV.

Fig., 12.

Center of mass differential dissociation cross sections of Cs+
and Br calculated using a one Newton diagram LAB-CM trans-—
formation of the Cartesian contour map displayed in Fig. 9.

The dissociated ions resulted from Kr + CsBr collisions at a

. most probable relative collision energy of 6.56 eV. The best

Fig. 13.

Fig. 14.

Fig. 15..

weighted collision energy used in the coordinate transformation

‘18 6.73 eV.

Relative'total.éross sections for the dissociatioﬁ.of CsI, CsBr,
RbI and KI to ion pairs uéoh impact with fast xénon as a fuﬁctioﬁ
of rélative collision énergy. |

Relativé total cross sections for the dissbciaﬁionvof CsI, CsBr?
RbI and KI'td ion pairs upon impact.with fast kfyptoh as a
function of relative collision energy. | :

Two-body potential energy curves used to model the Xe + CsBr

‘interaction in 3-D classical trajeétory calculations.
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~Fig. 16. A_répreéentative trajectory map for the Xe+BrCs collision
configuration. The numerical indices refef to specific
time steps during the collision event, b = 1 k.

Fig. 17. A representative trajectory map for the Xe+CsBr‘colli§ion
configuratioﬁ.. The numerical indices refer tb speéific

time steps during the collision event, b = 0.
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