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*
REACTIVE COLLISIONS IN CROSSED MOLECULAR BEAMS

By Dudley R. Herschbach

Department of Chemistry, University of
California, Berkeley, California

Abstract

The distribution of veloclty vectors of reaction products
is discussed, with emphasis on the restrictions imposed by the
conservation laws. The recoll velocity which carries the products
away from the center of mass shows how the energy of reaction 1is
divided between internal excltation and translation. Similarly,
the angular distributions, as viewed from the center of mass,
reflect the partitioning of the total angular momentum between
angular momenta of individual molecules and orbital angular
momentum associlated with their relative motibn.

Crossed beam studies of several reactions of the type
M + RI — R + MI are described, where M = K, Rb, Cs and R = CHB’
CZHS’ etc. The results show that most of the energy of reactlion
goes into internal excitation of the products and that the angular
distribution 1s quite anisotropic, with most of the MI recoiling

backward (and R forward) with respect to the incoming K beam.

r
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The molecular mechanics of chemical reactlons can be studied
most directly in crqssed beam  experiments. In recentvyears this
prospect has captivated workers in several laboratories, and

encouraging results have already been obtained.%‘?

Foprtunatelys
there 1s a large class of reactidns of alkgli'metals with halogen
compounds which can be studied with almost rudiméntary apparatus.

8 demonstrated that many of

The early flame studiés of M. Polanyl
these reactions have very large cross sections, even larger than
"hard-sphere" values; and the surface ionization studiés of Langmulr
provided a remarkably sensitive and specific detector for alkalil
atoms and thelr compcunds.g_ Even for alkali reactions, in a
typical crogsed beanm éxperiment the yield at the peak of the angular
distribution correqunds to only a monolayer‘of produet molecules
per month. Vv '

The feasibllity of such experiments was estaﬁlished in 1935 by

the worlk of Taylor and Datzg on the reaction
K + HBr — H + KBr : | (1)

Although the traditional tungsten surface 1onization detector 1is
about equally sensitive to K and KBr, Taylor and Datz found that &
platinum alloy is much more effective for K than for KBr, and this
enabled them to distinguish the reactlve scattering from the large
ackground of elastic scattering. The collision yield‘(ratio ot

total Kbr detected to K scatterasd out of the parent beam) was found



to be 107° and an activation energy of 3 kcal/mole was estimated
from the variation of the yield with beam temperatures. In 1960,

3 reported a further study of reaction

Greene, Roberfa, and Ross
(1), with the important refinemeht of a mechanical rotor to select
the K beam velocity. This has led, in recent work‘with Beck,é to
detailed information\about the dependence of thé reaction probabllity
on the initial relati;e translational energy and impact parameter
of the reactants. |
In the experiments at Berkeiey,s'T we have been very fortunate
to ha&e the collaboration of G. H, Kwei, J. A. Norrls, and J. L.
Kinsey, Our first aim has been to study the‘diﬁtribution of
velocity vectors of the products. Thils dictated the choice of a
reaction which fulfilled certain kinematical requirements, to be

outlined below. It was decided to try
K + CHZI —» CHg + KI (2)

and analogous reactions. The restrictions limposed by the conser-

vation laws make it possible to infer from the angular distributicn

energy of the products as well as the directions in which they

recclil away fyom the center of mass.

MECHANICS OF COLLISIONS

Energy and lLinear Momentum

The congervation laws for energy and linear momentum provide
geometrical relationships between the velocity wectors in the

asymptotic initlal and {inal siates of a collision. Newtonian



mechanics is rigorously applicable here, as the same relationships
hold in quantum mechanics.

The total energy avallable to the“reaction products, to be
partitioned between their final relative translational kinetic
energy, B', and lnternal excltation, W' (rotational, vibrational,

or electronic), 1s given by
E' + W' =B+ W+ a7 . | (3)
The constant energy of the center of mass motion 1s omitted, E + W
is the initial energy of the reactants, and ADg is the difference
in dissociation energles of the products and reactants (measured
from the zero-point vibrational levels).
An observer traveling with the conétant veloclity of the center
of mass, ”
¢ = (mvy +mpva)/m » {9
would see the reactants approach with velocitles inversely propor-
tional to their masses and wvavallel to the relative veloclty vector,
v=Vy - Y2 | (s)

since momentum conservation requires

v - e = (my/m)y | (ca)
vz - g = ~(my/my . | (ev)

The recoil velocities which carry the products away from the center

of mass are correlated in the same way (see Fig. 1)



b
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¢ = (mé/m}z' - (Ta)

vy = ¢ = ~(m/m)v' . ' (7p)

The final relative velocity vector,

Vi=vVg -V, (8)

-~

may take any direction in space, but energy conservation restricts
its magnitude, | 7
vt = (2Ey/u )2, o (9)

which is determined by the reduced mass, p's of the products andv
the final relative translational energy. |

A convenient way td take into account the conservation laws
in analyzing an cobserved laboratory distributiQn is to construct a
"Newton diagram,® as 1llustrated below in Figs. 6-9. For each of
the aécessible values of E', the spectrum of recoll vectors for
product ng can range*over a sphere of radilus (mé/m3vf about the
tip of e (see Fig. 1b). The angle X between v and z’ describes
the angular distribution, which has cylindrical symmetry aboub Vs
as shown later under Eq. (11). Corresponding vectors for product
m, appear at the mirror inmage angle m-X on a sphere of radius
(ms/m)v’. The Newton d;agéam thus displays the possible recoil
gspectrum of a product as a get of spﬁéres, one for each value of
E' up to the maximum allowed by Eq. (3). |

To compare & theoretical model with experiment we must (1)
derive from the model the densify of recoil vectors per unlt arvea
over each sphere in ?he Newtan diagram,‘(ii) project these distyri-
butions onto the laboratory coordinate system, and {iii) average

over the inltial velocity distributions in the inecident beams.
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For (1) we require the differential cross section per unit
solid angle,
do/aw = I{x.EsE'), (10)

for which IS(X) = 14(w~x). The bartitioning of angular momentun
in the reaction strongly inflﬁeﬁces the form of I(x§ and under
certaln conditions 1t will favor peaking along the direction of v,
as indiéated later,

then the reactant beams have comparable velocities, the trans-
formation {11) 1s much more complicated than that familiar in |
nuclear scattering,lc and often introduces severe distortions in
the laboratory "image" of I(x). It is convenlent to designate a
product as "fast" or "slow" according as its recoil velocity {(7)
is pgreater or less than the center of‘maés velocity. As scen in
Pig. 1b,; the laboratory distribution of a fast product may range
over 47w steradiang, whereas that of a slow product is contined

within a forward ccne about ¢, regardless of the form of I{x}. ang

~1 oy
W oab

O

in general contributions from two values of X are Luperimpos
gach laboratory angle. Three cases may be identified in whicih: the
relations imposed by (1i) can be used to adventage by choosing
reaéﬁions with sultable values of ﬁDg and maés ratios,

Case A fgi - g[: 0.1¢. A1l the XKBr formed in reaction {1)
is very slow, for examplei even for the maximum possible value of -

E', it is confined within about 10° of ¢. This facilitates measure-

e}
b
&

ment of the total reaction cross sectlon and ite dependence o

The variation of I{x) with x and E' has practically no effect o

the laboratory distribution of product, which is egssentially



e

determined Jjust by the spread in}g arising froﬁ the velocity
distributions of the reactants. %2

Case B: vy - g] > 10c. . If a product is sufficiently fast
over nmost of the range of E', 1ts laboratory distribution wlll
give the variation of I{x) with ¥ directly, with negligible
distortion ffam (i1). An example 1s the H atom produced in reaction
(1), However, information about the dependence on E' cannot be
obtained without a velocity analysis of the product. Also, for
this casge, inportant portions of the I(x) distributian will often
fall in regions obscured by elastic scattering or outside the range
that can be scanned by the detectors.

Case C: 'Igi - g! = ¢. For a suitable intermediate case, the
laboratory distribution wlll be strongly influenced by both x and
E', This occurs for the KI formed in reaction (2}, as shown in
Fig. 2. Furthermore, as illustrated later, the main features of
the dependence on x\énd on E' can sometimes be untangled, withoul
regorting to a velocityAanalysis of the producf, by‘combining data
from different experimental configurations. This is pogsible it

the reactant beams have comparable velocitiles, as in reaction {2).

The transformation relatlons of Pig. 2 are then drastically altered
for out-of-plane scattering and for different angles of intersection

of the reactant beams.

Anpular Momentum

Conservation of angular momentum provides that

L'+ 3 =L+J, (11)

-~
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where L and L' denote the- initlal and filnal orbital angular momentum

agsoclated with the relatlve motlon of the collision partners and

J=dy tdo 3 37 =+ T, (12)

-~ L

are sumg of the momenta of the individual reactant and product
mdlecules. As indicated in Fig. Sa, the initial J vectors are
randomly oriented, whereag the L vectoéé are perpendlcular to the
initial.relative velocity Ey'With 2ll azlimuthal orientations of L
about v equally likely. Therefore the total angular momentum
g + J always has a distribution with eylindrical syﬁmetry about v
and (11) imposes this symmetry on the angular distribution of
products. ‘ ‘ |

'There 1s another kinematical feature which, under certaln
conditions, can greatly enhance the correlation between the product
aistribution and the direction of v. Consider first the limilting
case in which orbital angular momentum 15 conserved,

L'=1L. (13

{This holds preciSely for elastic scattering in a central pobtential. )
In this limlt, the motion of both reactants and products is con-
fined to a plane perpendicular to g. According to classical
mechanics;'?he_relation between the scattered intensity per unit

angle in this plane, do/dY, and the differentlal cross sectlon is
I(x) = (27 s1n )™ ag/ax , (12)

where the fiprst facltor arises from integrating over the azimuthal
orientations of L about v. The gituation is illustrated in Pig. 3.

for the gpecial case



do/dy = constant, : (15}

which distributes the products uniformly over the azinuthal angles
about L, like "water spraying off a spinning wheel.® The complete
angular distribution is obbtained by rotating the diagram about v
s¢ that the cilrcle shown in Flg. 3b generates a sphere. Thus we
see that the recoll vectors of the products will fan out around the
equator and accumwlate along the poles, as requlred by Eq. (14).
Of course, Eq. (15) need not hold in general; the 1/sin x factor
in (14) will produce Strong forward peaking whenevér the planar
distribution does not vanlsh at y = 0°, and backward pealking when-
ever 1t does not vénish at ¥ = 160°. This has been called the
"elory effect” in discuésions of elastic scattéring.13 The peaking
can be puppressed only'when_do/dx vanishes sufflicilently rapidly
at the poles; for example, the &ngular'distribution becomes iso-
trople only in the case of specular reflection of hard spheres Lo
which do/dy is proporticnal to sin ).

In reactive scattering Eg. {13) cannot be expected to hold.

However, deviations from planar motion wlil be small wien
(a) L>>J and (a') L' »» J' ,° o (16

and the glory effeet will then enter prominently. Averaging over

the varlous orientations of J and J', which $ilt the total ansuliar

et

monentum vector with respect to v and v', merely rounds off the

“

peaking somewhat. As the conditions (16) are relaxed, the slouy

-~y e e

scattering persists to a surprising extent; calculations show it

is still significant when J and J' carry over half of the angulor

8
nmm i O S . - . ,
momentun. It fades away., of course, when either o¢f the



inequalities in (16} is reversed; thus, if L << J, the distribution
of directions of the total angular momentum vector becomez nearly
isotrople and hence no longer endows the products with a “memory®
of the direction of v. | |

in the analysis of I{y) it is therefore often appropriate to
geparate three factors: the partitioning of the total angular
nomentum (1) between L and é and (11) between L' and J'; and {iii)
the distribution do/dxs which now refers to a plane perpendiculaf
to the total angular momentum vector. |

A rough estimate of {1} may be made by comparing the distri-
bution of J, as given by a rotatlonal partition function, with that

of L, derived from the classical relation
L = pvb . | , {(17)

by compounding the distributions of initial relative veloclvy and
impact parameter. Reaction le agsumed to occur for ail values ¢
b up to a maximum, which is approximated by eguating HLZ Lo Tho
total reactien ¢1r0oss secbion., For most chemical reaction:.
including {1} and (2), 1t is found that L is substantially Loz o
than Jy and accordingly (i) does not inhibit the glory elleny,
For such reactions, factors (ii) and (1il) Gecide whether b..o
angulayr distribution of products will show pronounced anisotrouy.
Several reaction models have been examined which suggest that ia
many cases {il) is likely to be the dominant factoralo Fov exanpil,

the simplest model to treat assumes a Ysticky” collision comniex

which lives long enough to make Bq. {15) hold; that 1s, Zonser

than the relaxation time required for the decay of phase rzioblirni
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issocliated with formation of the complex., A ‘characterlstic featuro

© thils medel is that the angular distribution of products must .
coumetrical about x = 90, If 1t is also assumed that (11} 1s fi.:cd
L+ the population of rotational states of the complex {regarded &
Lo thermal egullibrium at the saddle~polnt ofua potential encrgy
curface), the angular distribution is readily calculated in ternc
¢z the moments of inertia and rotational temperature_of the complaz
zud the total available angular momentum inferred from Egs. {17)
azd {11). For reactions (L) and {2), any rgasonable assigmment cf
Liese parameters predicts L' >>» J'; and hence gtrong scattering
voth forward and backward along g,,

In this brief sufvey, only a few aspecté of the connection

Lzbtween reaction mechanism and angular disbtribution could be
wsntioned. Others are developad in a more détailed, guantum mechon~

10

iual treatment.” Iike the present classical discuseion, much ¢

14

1 adapted from the thecory of nuc leaw reactions. Claomlco

8
£

cmory s usually qualitativeiy correct for chemical reactliors.
Laieh typileally involve very large angular momentaj; however, ths
iafinite peaking at the poles predicted by E¢. {14) and other shi -
cuges of the classical approxiﬁation are smoothly rounded ofi in

the quanbum treatment.
APPARATUS AND EXPERIMENTAL CONDITIONS

Az shown in Flg. 1, the beams are formed by thermal effusic.
Jrom ovens mounted on a turntable which 1s rotated to sweep the
soularp distribution past the deteotor. Vertical adjustment of

fe detector position allows the scattering to be measured cut o



’ . o . .
ac {angle ¢, accessible from 0° to ¥ 40°) as well as in the

plane of the incident beams fansie 6, accessible over -30° to 150°
Trow the alkall beam). The detector is similar to that described

and Datz®s*~Y; alter the iInitlal sging, the tungsten

usually operated at 19%00°K, the platinum alloy fillament
at 1800°K. The two chambers of the alkali oven are separately
heated. The temperatufe of the beam, which issues from the upper
chamber, can thus be varied about three hundred degrees without
affecting the vapor pressure, which is fixed (at about 0.1 mm Hg)
by the temperature of the molten alkali in the lower chamber. The
gag oven 1ls cennected to an external barostat by a supply tube

{not shown in Fig. 1) which passesz through the support column in
thie rotating 1id. Cold shields and coilimating slits hide both
svens Dvom the gcattering center, and a cold shield also gsucrrounds

chamber 1s encloged in a copper

5 . © s
Suring ans.

T e o~ . . I oy L G 1 IR - n D

Foyr measurenents of in plane zcattering "t2ll beams™ are used;
L N -~ S L. - [P g 1 -..,,“J'" 1 7N L. ) - ] w0 sl -
thie oven lits are ordinarily modse Q.025 c¢m wide by 1 cm high and

B T T o o e S, - dw du s off - p o et e kv PN o, s Lo “r o L “y o
ory vids at the scattering center. For measurenments of out of plane

- L A v g o ) T Ly . o
.2 o Q.4 cm wide. Increasing the nerrow dimenslon of the ovoen

Gl




£
21lits would not lead ta increaged beam intensity as the pressure
Athin the oven would have to be decreacsed proporitionately to

caticly the condltion for effusive {low. The distance from the
scattering center to the alkall oven is 11 cmj to the gas oven

.7 em; and to the detector usually 10 em in the tall config-

[45]
bt
ft

it,
uration and 4 cm in the flat configuratlon.
Auxiliary experiments showed the detector filaments to be
unaffected by alkyl lodides except for a slight lncrease in nolse.
It was also confirmed that the tungsten fllament 1s about equally

engitive to M and MIL. whereas the platinum alloy was found to be

o

about SO times more efficient for M than for MI (in disagreement
with data in the literaturalsl Test runs made with nonreactive

rials as the cross bheam, sush as n~heptane, showed that the

=t
o8
gu

5
[®)

relative detection efficiencies of the tungsten and the platinunm

b I a0 x K SO «
alloy filaments for I remainod congtant over the range of inten-
sitles of iatersst lfor the study of reactlve scattering. Housver

the readings often failled to moateh in the region cloge to the M

- » R R Y. e O % ) Y 3 PRI S el
beam {within ¥ 28°) whers the intunsity of

clently precise interchanging of the {llament positions. Thcce runs

also indicated that any “d¢iffusion-pump’ action of the crossed
i6

in the X + 6371 experimentsa,; the concentration of X within the
rse

'E/“
volume defined by the inte ction of the beams is about 10~°
atons/ce, equivalent to a pressure of 107 =6 ma, and that of CHSI iz

about 100-fold greater. About 1077 X atoma/sec enter the rcaction

volume, of which roughly 0.1% react to form XKI while about 1¢7



clastic scatltering. In beam experiments elastle scattering always

since quite weal Iinteractions will deflect 2 molecule
17 of

Yoo tne bomm.  The total crose pectlion for beam scattering
2

Ko+ Cﬁbl ig about 1400 A™ and lwuplles that encounters in which the

K end Gﬁsszass at a dlstance of 20 & count as collislons; at thig
distance the Intermolecular potentlal energy amounbts to only 0.3
cal/mole. The steady-state concentratlon of KI in the reaction
volume 1s roughly 107 molecules/ce, the pressure 10"9 mn. At the
neak of the KI distributionkabbut 1G7 molecules/sec arrive at the

detector,

SUMMARY OF RESULTS

An example of the data obtained” for reaction {2) is shown in
iz, 5. The XI distributions are normalized so that the area unde
e curves gives the collision yield, uwhich is 5 x 10”4 and corra-
sponds o o reaction cross secticn of about T Ag. Veriatlcon of

the ¥ beam temperature over a range of 250°K gives practically no

change in the yileld and indicates the activatlon energy ls lees

hidns Lil
o Tee
Liadbik Wa W WU .L/ .(J.UJ.U

The Newbon dlagram of Fip, &, constructed frowm Egs. {5) and
{61-{5); compares the observed angular distribution with that
alloved by the conservation laws. In Eq.. (3 5 éﬁg = 22 keal/mole;
Ghe thermal distribution of initial kinetlc energy lo peaked at
keal/mole; and the CH T is mostly in the ground vibraticnal
with & rotational distribution peaked near W = 0.6 keal/mole.
i35 seen that the broad peak observed near 83° in the laborabory

n which an obucrver stationed a2t the

fods

corresponds to scattering



mess would see KI recoil backward (and CHy forward) with
respect to the incoming X besm., The displacement of almost 35°
from the dlroctlon of ¢ shows that the main conc ibutions must have
1 keal/mole. Also, as illustrated by the vector labeled a,
reactions producing large valueg of LEf can’contribute to the peak
only if the recoll velocliy vector deviates considerably from the
direction of the initlal relative velocity v (sée also Fig. 2).
Since the recoll vectors must have cylindrical symmetry about U,
such contributions can be studied cire tly by measurement of the
out-of-plane scattering. As the XI 1s found to be poaked about the
plane of the incident beams, we may conclude that scatter¢ng close
to the direction of g'with gmall values of E' is predominant.
Experiments at various angles of intersection of the beams conflmm
thig. It iz found that the in-plane XKI peak shifts to 63° and to
129° for intersection angles of 50 1

agrecnent with predictilons derived by redrawing the Newton dismram

e ey T

for these intersectlion angles (see Fig. ). In order to account
for the ohzervations 8, 505 of the XTI recoil veotors sust lic withis
the doubly shaded reglon in fig. 6 and 207 within the singly oshodaed
vegion, These regions vwere derilved by‘a calculation which conbincd
the in-plane and out-of-plane data and included the velcocliy
distributions in the reactant boams, Also shown in Figa & iz tho
estimate of the most probable CiH. recoll veloclty implied by ean. (7}
30

and this analysis of the XTI distribution. Velocity selection™ iz

casential 47 the resolution 1s to be improved, as iliustrated by



veevliled divectly backwards along v {that 1s, x = 0°) with internal
exzitation W' ¥ 21 keal/mole {corrcsponding to ' ~ E = 1.6 keal/
1ole ). 4

From the results for reactlon (2), we can prediét what to

-l

expect for the angular diztributions in other M + RX reactlons,

N

£ we assume the products willl show a imilar peaking about the
directlon of v and high internal‘¢xcitation. The presults found for

6 and Cs atoms with,CHSI, ghown in Fig. 7 and 8,

the reactlons of Rb
have peaks wlthin a few degrees of the predictions. The activation
encrgy is again found to be negligibly small for these reactions.
The reagtlions of K atoms with ethyl, i~propy1,'n~pr0pyl, and n-
butyl ioﬁideé have also been studied. Under conditions similar to
those of Fig. 5, all thesge rcactiliong have KI peaks in the neighboy-
hood of S0°, This indlcates, according to Eq. (ﬂj, that the
average BE' decreases as the mass of the R group is increased. Thoro
s no noticeable effect from "ghberic intorlference®
becomes larger; the collision yleld remains about the same ag o
the GHSI reacstion.

o e

sticn of particular interest; but not yet entirely sctiblcod,

A que
ig the poszible presence of "forward” scattering of the allii
halide, corresponding to recoll angles near X = 180°. As can be
seen from Fig, 2, for large B! nost of this would appeayr in %hé
reglon -30° < QYI < 30°, which is hidden by elastie scatfering from
the parent ¥ beam {sece Filgs., 5). There is evidence that the reccll
distribution is not symmetrical about S0%, hawevcr,? The doshed

and ecual intensity at ¥ = 0° and 180°) indicate that o o prominent



s

shoulder should have been obzerved in the repion 30° < @WI < 50°%,
1L a Toruard peak comp7cm xntary 1o the observed backward pealk were

A.r -~ 2.
.‘. SCITG.,

DISCUSSION

The rather primitive experimentsvdescfibed hére may sufifice to
illustrate both the.present limitations of the beam method and some
of its patentialities, Becauﬂe the products‘are observed immediately
after the collision in which they are formed, even tne qualitaﬁive
esults already obtained pose incereutirg new questlons for the
theory of chemlcal kinetlcs.

For all the reactions studied, thé average rela ive tfhnsla—
tional energy of the products inferred ;rom the anwular distributions
is comparable to that of the reactants. Thus roughly S0U% of the
energy of reaction appears ag internal e: citatwon. The présenﬁ

results offer no information about the pu*txtLoning of this eneproyr

£ freedom, but presumadbly 1t iz largely

present as vibration of the nowly-formed bond. In contract. snc

both the vibratlonal and rotaticonal disecullibrium of a reacticon

product, but not yet under cond aiona that permit conclusions aboub
19,20 |

ot

he initial excitaticn. The spectroscopic resulits ang

theoretlical nmodels conuernad with the Vibrat*onal exeitation of
f!
products have recently been reviewed by Basco and NoyrishlJ and by J.C.

olanyi. =t
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The observed asymmetric peaking of the angular distrlbution
aleng the direction of the initial relative velocity vector implies
a reactlion mechanism with specifle properties. The lack of symactry
about x = 90° shows that the deconposition of the collision complex
cannot be regarded as indcpandent of 1ts manner of formation {as
in the compound nucleus model ol nuclear reactionslé); the initial
phase relations are not entirely "forgotten." The suppression of -
X = 180° scattering (thus far established only for E! % 10 keal/mole)
mist be attributed to anisotropy in the planay cross section; ac/dx.
sowever, the prominence of scatiering near ¥ = 0° could arise
either from the form of do/dy or, if the final orbital angular
momentum is large'enough, from the giory effect. {This is, inci-
dentally, opposite to the ﬁiree%ianal.preference of thé "stripping”
collision model for nuclear rUMuﬁions.lé) Scattering near y = 0°
cvidently corresponds to a "hard” collision rather than to a
"orazing™ one, as the M atcm, the R group, and the center of mass

-

of M and I must all reverse dircction. It would seem'plausibie to
= O°

2

t do/dy ig not restricted %o be strongly peake d at x

o

assume tha
and to interpret the observed peaking as mainly due to a gloricusly
large final orbltal angular momentum. Accordinq to Eq. {16), thc
reaction then takes place mure or less in a piane, and the nlcrurs
sugpested by the aSJLmGth is that the camplex decompoges before

it cen rotate through a half-tura. As the rotational veloéities
estimated from Eq. (17) are very high, roughly half of the
complexes would have to decompogse within about 5 x 10 7Y seconds,

2 time not much lonvcf than a vibrational pﬁrlod.
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Captions for Flgurss

Relations ameng the velocity vectors of (a) reactant
and (b) products. Masses are numbered such that
my ¥ m, and mp I my.

-

Transformation relating angle and energy in center of
mass and laboratory ccocordinate systems, for the in-plane
scattering corresponding fto Flg. 6. Contours of constant
X are shown by solid curves, contours of constant E' by
dashed curves. ‘ '

(2} Orientation of initial angular momentum vectors.
(b} Distribution of recoil vectors for "sticky collision®
model discussed in text.

Sketeh of apparatus. Cold ghields, collimating slits,
shutters to interrupt the beamg, and other detalls omitted.

(a)} Parent X beam of 5 x 1073 amps attenuated 7% b

crossed CHZI beam. Readings on Pt detector (solﬂd cles )
normalized to W {open circles) abt pavent hean peak. gb}
digtributions; clrsles derived from (a), triangles from

a replicate experiment {several months later). Arca undcs
curves gives colligion yield.

HNewton diagram corresponding to most probable velociiics
cf reactants In Fig. E.

Results for Rb reaction.
Resulta for Cs reaction.

Teat for possible presecnce of "forward peaking.®
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This report was prepared as an account of Government
sponsored work. Neither the United States, nor the Com-
mission, nor any person acting on behalf of the Commission:

A. Makes any warranty or representation, expressed or
implied, with respect to the accuracy, completeness,
or usefulness of the information contained in this
report, or that the use of any information, appa-
ratus, method, or process disclosed 1n this report
may not infringe privately owned rights; or

P. Assumes any liabilities with respect to the use of,
or for damages resulting from the use of any infor-
mation, apparatus, method, or process disclosed 1in
this report.

As used 1in the above, "person acting on behalf of the
Commission' 1includes any employee or contractor of the Com-
mission, or employee of such contractor, to the extent that
such emplovee or contractor of the Commission, or employee
of such contractor prepares, disseminates, or provides access
to, any 1nformation pursuant to his employment or contract
with the Commission, or his employment with such contractor.





