UCRL 9378

G 2.

UNIVERSITY OF
CALIFORNIA

, Ernest O fowrence
- Radiation
Laborator

( ™

TWO-WEEK LOAN COPY

This is a Library Circulating Copy

which may be borrowed for two weeks.
For a personal retention copy, call

Tech. Info. Division, Ext. 5545

y,
BERKELEY, CALIFORNIA ™~



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
‘Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California:



UCRL-9378

- UNIVERSITY OF CALIFORNIA

-Lawrence Radiation Laboratory
Berkeley, California

. Contract No. W-7405-eng -48

COLLISION MECHANICS IN CROSSED

MAXWELLIAN MOLECULAR BEAMS

Dudley R. Her schbach
' and

Sheldon Datz and Ellison H. Taylor

August 1960 -



-7

K]

ek 1318

COLLISION MECHANICS IN CROSSED
MAXWELLIAN MOLECULAR BEAMS
Dudley R. Herschbach
Department of Chemistry and Lawrence Radiation
Laboratory, University of California,¥
- Berkeley 4, Colifornia
ang |

Sheldon Datz and Ellison H. Taylor

Chemistry Divieion, Ogk Ridge National Laboratoryt
- Oak Ridge, Tennessee

Abstract

A ganeral‘ereatment of the mechanics of collision between

two Maxwellian meiaeul@rﬁbeamm 13 descripbed. A method for |

averaging over the velocity disztributions of beamamﬁullidinglat
any ﬂngl@'iﬁ,devélop@& and used to calculate the distribution of
qolliﬂioh energles, the elastic and raactiveveeili&ion rates,.
and th@ angular &1$t§ibu%ian of relative velocity aad center of

mase vestors. The treatment applies to any reaction cross sectlon

| whlch can be expressed as"avsﬁep function multiplied by a linear

combination of powers of the relative energy. The effect of
recoll momentum relative to the center of moss on the direction of
the product observed in the 1aboraﬁnry syatem is diacuﬂséﬁ; Com=

parison is made with some experimental data for the X + HBr == H +

KBr crossed beam reaction.

wuppoﬁt af this work rec@lved from th@ Alfreﬁ Sluan Pounda~
tion end th& U S. Atamie anergy COmmiaaion is gvut@fully
acknowledg@d. | ) ,

T Operated by Union Carbide Nucleﬁr Corporation for the U. 8. Atomic -

Energy Commisalon.
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- The interpretation of chemical kinetles experiments
ordinarily requires knowledge of the coll;aion rate between
molecules as & function of energy. For a gas mixture, the
Arrhenius equation derived from the Maxwell-Boltzmann distri-
bution of velocitles iz usually an adequate approximation.
Recent interest in studying reactions between crossed molecular

1,2 raises the need for a camparable expression for this

beans
‘arrangement., In this case, there is also the possibllity of
observing the &ngular»diatribution of the reaction prdduaté,
and therefore the necesgsity of caloulating the distribution to
b@ expectéd on various asaumpeiona._ although the use of mono-
energetic beams would simplify somewhat the interpretation of
results, practical limitations make the use of Maxwellian beams
mandatory for many experiments, as the decrease in density
aceampanying the eneyrgy selection can only be tolerated for a
relatively small class of reactions in which the collision
yield or the detection afficiensy for reactants and products-
is unusually high. |

In this type of experiment the two most directly_observable
quahtitiea are the reactive c¢ollision yleld, defined as thé |
integrated number of reactive collisions divided by the total
collision number, and the angular aistribution of products, A
rigorous analysis would require a quantum mechanical deseription
of the energy states of pairs of collidinz molecules. However,
a reasonable starting point 1s a general formu;ation in which
the dependence of reaction probability on 1hterna1 energy

states is included in a croés-aection term and the equivalent

. L)
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of the claasical Arrhenius ploture 15 fully developed for -
crossed Maxwellian beams. This descriptlion may then serve as
a basis for a stachastic comparison of detailed collision

 mechanisms with observed results.

1. Gelliaian Rate in Crossed Beams

The - flux distr&bution er veloaitias in au effusive beam
3

a1y = 20 e () alv/e) )

where Ie is the uetal flux in mnleaules/em?/aec and & = (2RI/M)

el

45 the most probable molawular velocity in the saurce. Howevex,

Iin order to aalculata the number of @ollisionﬂ of a apecif&ed'
;nature hetuaen molemulaa &n each of two 1nt@rsect1ng hoams,

we have to canmiﬁar alament& of volume ¥V in each beam moving

“toward eash other, wh@r@.w’ia equal to the volume of inter-

aeetion of the %wm beams. Thus the valoaity @iﬁtrlbution which
entors the caleulﬂti@n ig that for the d@neity of moleaulea (n
per unit volume) within these volume elements,

éf = dnfn = (Mvr"/ 2)(vz/czg)exp(»v%z)d(vm). '(2)

rather than the flux distribution, The mumber of collisions

per second 1in the reaatidn‘vélumaviw'then given by

in terms of the rate constant,
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ke fva(v)indfa | - | ‘ y

-

= A é é va(v)v%vgexp[(~v§ df)+(~v§/m§)]dvldve (3) s

where A = 1&/(nu§mg) and k is expressed'in'the usual units of
see™t (mol&&/ac)”l; Hére'a(v)vi@ the eollision cross section
'for th@ pbaeese oflintereat and in general is a function of the'
rélativevveleaity v. It may be remariked that the use of the
initial equilibrium veloeity distributions in Eq. (3) does not -
'repres@nt an approximation as in the corresponding calaﬁlatian
for a gas mixture,® because in the crossed beam experiment
the collisions ave alusys between "fresh" reactants. B

To earéy mut the average ovér the croos section function
and angular distritution ealeulstions, it will be most convenient
to employ as 1m£egration variables in Eq. (3) not thetvélocities
of the beamﬁ,-vl andvvzg but either v and ¥, the magnitﬁdé and
‘angle of the relative veloeity vector, or ¢ and @, those of
the center-of-masg vector, The necessary transformations are
found from simple kinemetical reletions; fh@se'areinnw reviewed

priefly in the course of specifying our notation.
2. Kinomaties

Some conVenﬁions will be adopted to avoid ambiguit;esQ'
Lot the particles be numbered 80 that My ¥ My, The initlal
velocity vector: diagram (Fig. 1) is drawn so that Vs is_re&ohed v
by a;counterciookwiﬁe rotation from ¥, and the various angles

are measured from the direction of the lighter particle, Ve
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The angle of interscction of the beams, v, may.havé any value.
‘The initial veloeity vestors refer to an asymptotis state far
from the écat#éring‘qanber, but for convenience are drawn as
1f they were just emerging from the seattering center; thﬁs,

Fig. 1 may be regarded as applying to an idealized encounter

L in which no interaction whatever oacurred..

From the aefihitzona
BAEE RS
%”.ﬁm*%ﬁ"
H e My + MQ s
.'there fallow the relations
v o3 w - Vl - ¥y cos ¥ | o o - {e)
vsin¥ = Vo ﬁin k4 -' |
'_@ameaMglﬁ%%nmv

Mz ain 6 = mgvz sin ¥ .

The anglea vary over the rang@a

osysm-n, | (@)

The tranaformatian @qu&tﬁéns-wa ghall need are: -

()
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6
Av av, = - (v/sin v) dvay | | | ,, | {7) )
o = (m/miy) a6 e
and ' I
(v%/a?). + (vg’/mg)'# v¥/a? . | :(”9)

The 'trivml cages Y=0and Ya W are excluded.
Thé'quahtities m and @ introduced nere nmay be regarded
a.*s oxfective mass and velocity parameters, mmpertiwly. Their

limiting values are eonstants: _

m Mv'tdl ang o —ew al _

a8 Y > § > O}

m ---*» E‘»’Iz angd o ———> ey |
as v ‘--->-'7f-- v and @ -—= ¥, Hawevér, em general defitzimon&a ‘
are. amalo depmrmemﬁ

. mPsin® v o= [I“"’ﬂin (’%&-v}«azmlMeeoa Y Eiin("fW)&'ln’!l + My sain w}

- 2 | ﬁ A 2.7 (10)

| .m“’aﬂinz‘y - ljfiin gv*-@) 2con Y siu},'y»-g)sing Jlﬂp@}

| "o mi, i
- 2lso, mv = M . .
] 2, g ., T4 |
of = ein‘dv[@in 'dgy"‘y’) + 2 &J B (11)
o ag . : -
-1 ¥

- sin®y [ san?(y-0) , sm® o |
| Mfal Bl

m ﬁzaz |
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3. Method of Caleculation

We may now transform Eq. (3) by means of (6) and (7) to
obtain

& T~y

Kk = (A/am Ml ¥ 102(y49 e inyy® G(V)QXP(“Vz/Ga)dvd\?
(12)

The 1ntegra1 over v mayib@ evaluated as & Laplaoe'tranarorm
&(p)wéf(t)e Phag, R ¢ U

Juat a8 1n the treatm@ﬁt ar colliaions in a gas mixture.s_g

| Here t = vap P = l/a s and r(t) w (2ﬂ/ain ?)35/ (tl/a)

In addition to the rmte constant k itsalf we wﬁsh to eal—
culata»angular diatr&butione. The distribution oﬂ direatiena of

v.tna relacive veloolty veotor im obtained by merely Gmittin@

the integration over ¥ in Eq. (12) | |
®l¥) - dx/ay e
= sin2(7#$) minaw a(l/aa)

This may be converted £0 the angular aistribution of cantraida

by use of the tranaformationa found in Eqa. (6) ana (8)

@(6) = ax/ae = (a/av)(ev/ao)
| - m1n2(7~9) ainae(mé/mfmg) G(l/mz)

Returning now to Eq. (12), we note that the.ramaining

um

integration may be carried out over eitﬁ@r ¥ or @ énd thus

the rate constant is given by
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k = ng%(W)dw = gx?(o)ae : ~ (18)

The 1ntegration may not.bé tractable by analytic means, but
a graphlcal integration 1s appropriate, as one will usually
want to prepare a plot of @(¥) or ©(8) anyway.

Out of all collisions, the number of those which satisfy
various preeumedeeonditiona can be found by\introduoing théée
conditions into the cross-section o(v) in Eq. (12). A compar-
ison of the collision yleld thus caloulated with experiment will
indlcate the degreé to which the assumed conditione’approach
reality,-and the whole coliisidnal treatment developed here 1s
simply a framevwork in which to carry out such comparisons.

As yet, we have placed no restrictions on the form of o(v)
except that it should have a Laplace transform. In practiée,
it is suffioient“to regtrict attention to some convenient
functional forms for ofv) if these have enough flexibility to

represent the main features of the processeé congidered.

4, Averages Over Cross Sections for

Elastic and Reactive Collisions
The colliaion yield is define@ by |
k,/k, = éy@;(e)de/éxgt(G)do . (17)
the ratio of the reactive colliéion rate to the total collision -
rate. Since very small deflections will remove a molecule

from the beam, the cross-~section fbr elaaﬁic scattering as

measured in molecular beam experiments is very 1arge'(800vAa.
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" for K + HEr, for example). Thus elastic scattering gives a
much larger contribution to the total collision oross section
“than does faactive_scattering,'and in Bq. (17) we may replace
k, by the rate of elastic collisions. - |

The cross sectlon for elastic socattering has only a weak
dependeneemn1re1at;vm véloaity, angd 1etia'an adequate approx-
- imation to repreaent 1& by a constant average value, O, which |

may be taken outside the integral in Eq. (13) The integration

| cver v in Eq.. (13} then yielda -

G (l/ma) - (15/v1/233n v)(a7/m1ma)a' :  "  B {(18)

The angular distributions G@(W)a @é(@); and the rate c&nstant
kequr‘alastié seattering may now bé obtained from Egs. (14)4'
(). | | | o | -
-In_e?aluating.the,reactiva gollision rate, we shall use

sevaral erose -section funmtiana., We fivst consider the ainple
Croes seatiena that accord with two traditional models for
peaction. lbdel " assumes that o(v) 18 2 step function with
reﬁpe&t,tm rélative energy and impact parsmeter and is inde-

pendent of orientation and internal excitation. That is,

&lv) = 0, v = V“
o (192)
G—r’ v * V ' .

where c’ is a conatant and v is melated t@ the aativation i
energy m and reduced mass L = M1M2/M by

E = g M‘l%)z
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The Integration over this croes geotion in Eq. (12)-d1fferé'

Al

from the elastic case only because the lower limit is nou'v?

instead of zero. Model "B" asgumes further that only the ‘com=
‘ponent of relative velocity along the line of centers at 1mpact
is effective. The cross section above v_ 18 then not constant,

and tskes the form'

"'d(v) = o,l1 - (vﬁ/v)al . - - {19p)

A third oross section funetién; “Model €%, 18 suggested by the
caloulations of Wall, Hiller, and Mazur on the H + Hz rcaetion.s
They faund a r@aation pvobability which decreaaed rapidly with
increasing energy above the threshold (see the insert in Fig. 2)3
the_qarv@ap@nﬁing arc&a maetion ig approximately

a(v) =0, v <V | ' R (190)
= c‘(vf/v)ao, v > v . | | S
A more general functional form which can be readily treated |
coneists of & step funetion multipiiaa by any linear combination
of powers of the relativa energy:‘
a(m)éO’E“E | : (20)
- “rzn o (e*/8)*, £ » E*

The exponents n may belpaaitive or negatlive intergorsj the
congtants 8 are dimonsgionless and could be taken as adjustable
parameters. Eq. (20) includes models A, B, C as special cases:
for Ay oy = 13 for By, ¢y = 1, ¢y = 1} for C, ¢10 = 1 are the

nonzero soefficlents.
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The resulte for any reaction cross sectlon that can be

represented by fq. {20) takﬁ],he following aimple form:

o (1/0%) = (5,/5,) 6, (1/a*) F_(2) (a1)

Col0) = (0,/0,) Cplo) Frleds o (=)
- wheré Fr(z).ia a‘fuaati@@fmf the dim@nsiamle&s ratio
Czev®a. (=)

Aa seen from Eq. (il)» z aepeﬁds on the angle,-

and on th@ masses and tem@aratur@s of the beam mgleculea ae '
;nwwll as tma aat&va#ian energy. The funetions P, (z) are atten~
uation factors that moﬁ&ry the result for elaﬁtic scattering

to take meaaunﬁ ef th@ premium placed an relative energy by the
.reactian eross seatien; Far all cross sections of the form
of Eq. (20), the F (m) funationw can be expressed 1n.terma of
“the prebahility integral and its derﬁvative,

ﬁ(r)w(a/wl/a)f o~5%at;
| H*(z) - (2/7:3‘/2) omt2,

'fmr whiah extenaive &ablas are available;s It 1@ only necaaaary
to cutline the ¢alculation of the function F (z) eavreaponﬁing
to & aingle term of Ed. (20), sinse the general result may be

oanﬂtvuwtad ag a 1inear oambinaticn,'

,zg.mwzerm o ()

mmm
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We have, from Egs. {12} and {21},

Fo(a) = [ (o) S/l oS /%av ,  (25)

v | . ‘ S

'&nd use of the Iaplace trangform tables givealg

¥ ( ) e ?anféwn + gﬁ 24)/r§§} B o (28)
'whem - | o |
T = "ot lay e

is the incomplets gomma funeﬁiom@ll The intégration iz trivial'
for the aa&d n = 3; and yields | ?

Folz) = (825/18)(1 - (z)]

. This is all that is neaded, howevaer, for the ather funstiona

ara raaully gﬁnﬂ?&ﬁ@ﬂ by uge of & recurrence relatimn -

( E}wn+,(z) + z&r {2} - %(&f&%)ﬁ ﬂ‘(z) ey 9,  ~ (28)

'whieh is @stabliﬂhem from Eq. (26) by *ntmgrating (27) by parta.

e resulbs iOP m&uals A and By for ex&mpla, are feund to b@,

Fpolz) = (2« H{z)) + zl1 + (2/3)2% + (q/lsjz4iﬁ=(z)
D (292)
and
 Fplz) = (1 - g”“}il - H{z)] + z2l1 + (4/15)2213'( z).
I - S ‘ (29b)_
In Fig. 2 these are compared with the functions for various
values of n, including model C {n = 10 casge). Table I gives Fp

{n = 0 case) and Fa(n = 0 minus n = 1 ¢ase) and the function



UCRL-9378

/3

(4/15)37H'(2). so that any of the-Fn(z)kfunctions may be obtained
from the table by use of Eq. (28). | '

5. FProcedure for Analysis of Data

Our results may now be summarized in terms of & st@pwieé
procedure for the analysis of expériments on the basis of
models such as those consideredhere;&*Twe parameters, the
activation energy E" 3ﬁd the ratio a}/aé, are to be fitted td,'
the data; some of the coeffieclents ¢ in Eq. (20) cculd-aiso be

taken as adjuatable paraméters.

A, Angular distribution of centrolds for elastic collisions.
®,{0) 15 calculated from Egs. (18) and (18). Aside from the

scale factor o,s the distribution depends only on the beam
magses,; temperatures, and,ﬁhe angle of‘inter&ecbian, ?,, In Fig.,
3, distributions are plotted'for several angles of intersection.
ﬁhe beéms'in tﬁis example (which corresponds to ﬁhé édnditiona
listed in Table 11) méve about the-samé-&verage momentaj,thua»
the centroids peak near 6 = 45° for perpendiaﬁlaribeams, Foyr
an acute intersection; the diétribuﬁion ghifts to favor @ = Q,
hileh would be the only accessible angle.wh@n‘v = 0 and the
beams merge. On the other hand, if the beams intersect at a
sufficlently obtuse angle, the distribution becomes bimodal,
since in collisions between fast molecules of beam one and slow
vmaleeulws of beam two,‘the'cénter of,m&sa'véctor iies nearer to
bean one, and vice verﬁa,'.Tha relative helght of ﬁhe—forwarﬂ
and backward peaks 2galn reflects the'ratio of the.average

momenta of the beams..
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B. Dapandence of 2z° on the centroid angle, 0.
From Eqs. (o) and (11), one finds that o
= (E%/RT, )(E,/E) + (E*/RTE)(Ea/E) ) - (30)

The ratios of the energies of the beams to their relative fﬁ

energy; E./E and E /E,,d@pend only on the nasses and oh g2
g & 2 : ,

2

E, = QM' sin (%-9) .
i 5iﬂ v
| | (z1)
2 2 '
Ea - gm sin 9 5
2 win v
Thus, after pr@paring-' graph of these ratlios, one may readily
read off 32 as a xunu%ien 0f & for any set of values of Tl,

Tos and B%.

According to Eg. (22), it is only the varfation of 22

with & @hat'enablearthe veloclty dependence of the cross |

“section to influence ﬁh@ form of the angular d&m%”ibﬂﬁi@ﬂ of

cemtwoid&.lg Fig. 4 shows the variation. af.zg over the range
£ & for beams colllming at various anglen, uumﬁn for th@

example cf-?&hle‘zl‘- Ly seen from . the limiting values,

[e.F0 )

22 = (1 M,...,)%;,- as 6 —= 0; - (s2)

_— M,
[+ ] 5L :
2% - (1 —%w‘%)'%, ag § == 'y,
) . f'il t 2 )

wiich are thé game for beams intersecting at any angle, the
lovest Vﬁiuea'of 22 oceur near the beam having the higher
average velocity. AdjJusting the value of E¥* merely changes the
vertical scale of the figure. The drastic changes in form of
the curves for variuua‘anglesvof intersection ave primarily

- due to a simple kinematical effects forvgiveh.velocities of
the beams, the relative velocity'atvan acube intersection |

iz much less than that at én obtuse intersection (see the
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~ velocity vector dlagrams shown as inserts in Pig. 4); this
difference 1z magnified ia computing zz,'Since zg is a

measure of the available relative energy.

Ce 'ﬁtﬁen&ation factors. 'The functicn_Fr(z) corresponding

'to a_given cross s@ction is evaluvated by use of Table I and
Eqs. (24)_and (28). To convert from z to 0 as independent
variable, ane‘pr@pérea a2 graph such as Flg. 4; this step |
differs for each set of experimental conditions (intersection
angle, beam temperatures, and masses) and for each value of |
the activation energy that is to be considered. The attenu-
ation factor of Model B iz shown @8 a function of 9 in Pig. 5a,
which nas_been‘dérivad fram‘Figa. 2 and 4. Results for
'Moée;‘A.are Qualit&tively gimilar. For both of these moaela, 
changing E* merely shifts the curves about without much
altering their'éhape. However, as seen in Fig. 2, the ate
tenuation factor is not & m@moténic functiﬁ&'o? z for aroéa
sections such as thaf of Model.c, which decr@&aéﬁ'with in~
ereasing energy above the threshold. Acccrdihgly,\if the |
range of 2z involved includes the hump shown in Fig. 2, the
anzular dependence of the attenuation factor will rapidly
change character as L% ip adjusted (or ap an equivalent

change in beam temperatures ls made). This is illustrated

iﬁ Fig. Sb. It will be noticed that for sufficiently large
values of E#, FC has an angular aep@haenc@ pimilar to th&t)of»
EB (because they become nearly parallel funcbimn& of ¢ whﬁn‘. |
‘z,ia large), s0 that both favor the faater‘beaﬁ, ie0s, low
angles. For scmall valueé_of Le, low angles are still favored

by Fﬁ whereaé large angl&ﬁ'&re favored by FC”
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collisions. According to Eq. (22), G;(e) is now obtained

by multiplying the attenuation factor into the distribution
of centrolds for elastic collisions. Fig, 6 glves some
typieal resulte derived in this way from Figs, 5 and 5. The
various special features diéeuﬁ&@d in connection with Figs, 3,
&, and 5 ail appesr superimposed in FPig. 8. In particular,
the extent of the shifting and skewing of the surves. in
Pig. Sa, as compared with Wig. 3, differs considerably for
diffwrenﬁ angles af.imters&atian, the attengation being much
more pronounced for acute intersections. Varlation of the
1ntarsec£1an angle would appear to be especially helpful in
attempting to choose between reaction models: for example,
under the ceﬁﬂlﬁions of Pig. 6a, the ratio of the maxima in »
the anéular dlstribution for the y = 30° and the y = 150° casces
is nearly twicé as large for Model A as for Model B.

The relation of the angular distribution of centroids
to thet of the product fragments will be considered in Sec. 6.
If the daéeat@d product Lls hoavy and the energy iiberated in
the reaction is smzll, as for the X + HBp - H + KBr réacbion,
the distribution of the product will be guite slose to the
centrolid distribution}3 In such cases, an cestimate of the
activation energy may be obtained in the course of comparing 3
the observed distribution with the @,(8) calculated for
various values of E# (see Pig. 9), although & more pregise
determination cén toually be made from the temperature varia-
tion of the collision yield. |

The angular distribution of initial relative velocity

veetors, ©,(v), may be calculated by an entirely analogouu
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procedure, using Eq. (14) and
®,#) = (0,/a, )0, (#)F,(2)

However, since the relative velocity is a constznt of the
motion only for élastic collisions, G}(y) is not as"gen@éally
naeful f@r comparison with the product diﬁtvibutien as is

the centroid distribution.

- E. _Rate consbants, edllia;aﬁ-yi@la, and determination

of paremeters. As shown in Zq. (16), the area under a curve

in Figs 3 or & giv@ﬁ the corresponding rate constant. In the

general came @ numerical inbegration is required. Analytical

 expressions for some special cases are obtained in the

| Appendix; however, 1t is found that even Por these cases the -

use of Simpsonts method or a planimeter ie more rapid,'
The calculated aallisian yield is the ratio of rate

-~ constants for elaatic and reactive scattering, kf/k « In the
 prea@nt ﬁreaﬁm&nﬁ, ‘this is proportional to ar/a and etherwise

depends only on E*, for & given reaction model and a8 pape

. ticular choice of beam temperatures and intersection angle.

Graphs of k&/k@ verwuﬁ E® for the v&ri@uw'r@act&on models .

rosemble the curves of 7 (z) versus z° in Figs a. Thi@ may

be understood Lrom the limiting cases discussed in the App@ndxx.

The ariatien of rate constents with intersection angle is |
mh@wn in Plg. 7. The ﬁ@ar@aae in oolliaion rate which ogcurs
for acutbe 1nteraeet10ns varies con&iderably with the reaction
model, (The madal designated here as A - B refers to the
n = 1 case in Fig. 2.) | |

In reference 1, & procedure ia‘amécribeé Por evaluating

E* and 7,/0, from the temperature variation of the collision
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yield. Ratios of cbserved collision yields for pairs of
experiments with different reactant temperatures are compared
with caleulated ratios for various choices of E*¢ It is as-
sumed that “r/”@ 1g independent of temperature so that this
parameter cancele from the retios. It ic then adjusted to £1t
the magnitude of the collision yields after E®* is obtained from
the ratios.

A dimcussed in Seeg. 7, the available data may be satlis~
factorily analyzed on this basis, although one finds that
Aw&th suitable adjuatmentm of the parameters the verious re-
agtion medels glve practically equivalent sgreement with
experiment (see Table I1I). This occurs beenuse E® is large
enough to make the relevant region of Fig. 2 that in which
the Fr(z) funetions are practically parallel, so a suitable
shift of the scale of z- (change of E*) makes the various
attenuation factors almost the same. The present calculations
show that the ah&lysia would be much more aensi%ive/tbvth@
model used if the intersecction angle as well as the beam 
temperatures were varied, as then the attenvation factors
could not bhe brought into such close superpogition by a
simple scale change. No date of this kind are yet available.

8. Angular Distribution of Reagtion
Productoy Effect of Recoll Momentum
£ unique featurs of molecular beam methods for reactlion
studies 15 the possibllity of observing the angular distri-
bution of products. It i convenient to divide the dos-

eription of the angular distribution into two parts. The
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first istPr(a). the distribution of center-of-mass directions
in the laboratory system, which is also the distribution of
the initial directions of motion of the collision complex.
As discussed in the fcregoin@,(?r(é) 15 a functlion only of
~ the fnitial kinetlc enorgy distribution and the veloeity
- dependence of the reaction cross section. The second part is
the'diatvibution in direction and magnitude of the momenta of
the products relative to 2 coordinate system traveling with
the center-of-mass (CM system). The magnitude of any given
momentum vector in this CM system is & funwtian of the initial
ralativw ‘energy and bhm energy released in the resction.
The dir@ﬁﬁiana of momentum vectors in chm CH pystem will be
anisotropic Af the collision efficiency is different for
different orientations and if the lifetime of the complex is
.vﬁhqfﬁ'ﬁemgar@@ to its rotational period. The animotropy can
" be observed in the 1abbrataéy system becouse the ezperimental
arrangameﬁfvpelarizea the directlon of relative matidn with
r@spect to the direction of the center-of-mass vector.

The. distr&butien of center-ol-maas directians can be
veombin@d with the distwibutian of product in the CM system
%o give thé'diaﬁribution of produet in the laboratory system,
 §ut_the'a6m@1exity of the result poses a lengthy prablem even
for numerical 1nte@ragioﬂ, We have th@refora considered iU
v‘axpadient to 1limit the guantitetive development initially teo
’ﬁhe more tractable first wt&ga of the desoription, gilven by
- CGL(8). .Th@ perturbations imposed on this distribution by the
break-up ef_th@ somplex can be examined under various as-

sunmptions about the reaction mechanism, and results compared
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- with experiment to indicate qualitatively the range and form
of the trial parameters to be used in a complete calculation
of the angulab distribution of pr@dﬁata. l

In the disseociation of & callia&on'ecmplex in axrea¢t&6n
of the type - |

By + My {w» 1y + Mé,'

the magniﬁude'of the velosity, vs','impartﬁﬁ‘ta & product
fragment in the CM system is aalculablé from energy balance.

 }?/2 (33)

4

where E is the initial relative energy'in the collision of the
reactants and Q@ 1s the cnergy sonverted from internal degrees
of freedom (retational, v&br&tiamal, or alectrunic)‘to rélatiye‘
kinetic enewgy of th@_praauc%m. vThua Q is determined by the
diffarenée in zero ﬁaiét mh@vgy'of éha\reacﬁan%s and products,
éﬁg, and the aiffewenca in internal excitatieﬁ én@fgy of thé
resctants, U,, and the'@vaauata,_vé: | ’ |

Q= &G + U, = Upe - 3 (34)
Q is zero, posit&vé,‘mr negative, acéovding\am-the collision
is elaestic, exothermlc, or endothermioc, vea@@ativ&ly.. |

ks the veetor yi may point in any direction in the CM
aystem, ite poﬂﬁible dirvections generate a sphere about the
tip of the'aenberuqfnmaﬁa vector, as indicated in Fig. &.

Thé velodity of the praduﬁﬁvin #he laboéatory:syﬁtem,lgﬁ,
ig the veector sum of its recoll valoc;ty,'gg, in the CM system
and the veloclty of the centroid in the laboratory system, g.
Convequently, for any given recoil angle ¢§ in'th@ CM system,

the poosible direﬁtions of‘velocity veetors in the laboratory



UCRL-9378
2/

system generate a cone of half angle ¢3 about the original centroid

direction, where
tan ¢5 = sin ¢§/(x3 +cos ¢L)s | i (35)

and xs is the ratio of the npeed of the centraid in the labdratury
system to that of M, in the CM system,

g Mg E, vz .
s"**[wgm] : o (36)
where E, 1s the translational energy of the centarwof~maaa. Similar
equations obtain for the other product, M,.

- Whenever Xy > X, as in Fig. 8, the laboratény diétributian éf
the product M, will be conriﬁéd to a forward cone about tha-cen~
trold direction, regardiess of the form of the distribution in the
'CM system. -The'maximumvpoaaible angular aispiacement of the produet
direction from the centrold direction in this case is

PP* = san" (1/x;) . | (37)
Thus, frmm Eqs. (3¢) and (36) it 1s seen that for given initial |
eonditiona'(beam velocities and angle of intersection), the unknowﬁ
parzmeter which determines the maximum possible broadening due tcv |
recoil 4s the internal exsitation of tha'prodheta; since in genéral
Abg is known and Uf may be'estimated from the aau?ea‘temperaeuresi
of the reactants. | - |

 The consequences of this effect recommend, for the first |
crosséd_beam studles, reactions with values of X, well above unitys
that is, reactions in which the detected product is relatively heavy

and the Q-value 1s small, such as K + HBr ~ H + KBr. In such aases,
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a conslderable enhancement of intensity can be obtained, since the
solid angle accessible to M, in the 1abofatory system 1s reduced to
4 atn® (JI2%) (38)
steradlans (see Table II for examples), whereas when Xz < 1 the
product M, could scatter into é¢r steradians. For sufficlently large
Xz» the recoll broadening given by Eg. (37) will be quite small,
less than 3° if xg > 20, and the angular distribution of M, must then
follow clesely the centroid distribution, G;(G); The radius of the
sphere in Fig. 8 will be so shrunken {to less than one-twentieth of
¢ when x, > 20) that no features of the recoil scattering in the CM
system can influence the laboratory distribution under the resclution
attalnable in practice. The procedures glven in Section 5 should |
then be sufficlent for interpretation of the data.

As one retreats from‘the limit of large Xz the possible ani-
sotropy in the distribution of recoil angles in the CM system can
have a more and more pronounced effect on the 1abératory dilstribution,
which 1is thereby skewed with vespect to the one expected from iso-
topic addition of the recoil to G}(O). There 18 the further compli-
oation that the degree of anlsotropy will have some velocity
dependence, and this need have no simple relation to the velocity
dependence of the total reaction cross section which entered into the
calculation of @;(G).

| Although it is clear that the influence of the three factors
determining the contribution of recoil (internal excitation of pro-
ducts, anisotropy of the angular distribution, and the velbcity

dependence)} cannot be untangled by comparing the observed product
{
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daistribution with @ (6), one may hope to find st least quali-
‘tative 1nterpretationa:whioh'are consistent with results from
different experiments end with intuition based on knowledge
of nolecular atructuée and en@rgeticshls' In particular, it
would appear‘uﬁlikely that the distribution of recoll angles
would typically happen to be such as to prevent attainment of
the ¢ of Eq. (37)3 thus one might expect that the maximum
deviation of the observed distribution from G>(o) would permit
‘a reliable estimate of the internal excitstion of the proauctn
to be mada.

7. Discussion of the K + HBr —» N + KBr Reaction

Teble LI summariges the conditions for one of the'axpériw
ments reported in Ref. 1 the e#laulationa presented in Figs.
3-9 aorrespond to these conditions. |

The maximum value of G (which will give the largest possible
value of ¢ for'given 1n1t1a1 relative @n@rgy) ocours for |
reactions that leave the newly-formed KBr moleeule in its 1oweae
internal aeéte. Thia lies only about 4 kaal/mola below that of
HEr, 16 ‘Practically all the HEr molecules are in tha ground
vibrational state and most have batwean 0.3-1, & kcal/mole of
- rotational energy. Thus Q X 5 kea;ﬁmulw, 1L we allow about
1 keal/mole tfor the initial rotational exeitation of HBr.

_ Fig. 6 has been drawn for E = 3 and Q = 5 keal/mole, and
shows ¢inr = 10.2° at © = 37,6°; under these conditions ¢
varies from 13° at @ = 0° to 7° at 6 = 90°, |
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The extent to whiah appreéiab;e internal excitation of the
KBr might be expected to shrink the recoil broadening is 1llu-
strated in Table II. For a numbar of exothermic exchange
reactions with amali\activation energlies, theﬁe 18 evidence
that the newly-formed bond 1s vibrationally highly excited.l’
Although the exothermiclity in these oxamples is quite large, and
the situation may be somewhat different in the present case of
a reasction that is almost thermoneutral, these resulis suggest
that most of the reactive colllsions may be expected to have Q
values neer zero or perhapﬂ 8lightly negative, corrcsponding
. to the formetion of KBr with about 5~€ keal/mole of vibrational
and yotationzl energy. a

.In Fig. 9,'the distribution of centroids calculated for
Model B is compared with 2 typloal experimental curve. It s
geen that the distributions caiaulatad for B = 2.5 and 5.0
keal/mole £it reasonably well and are about as clese to the Kbr
dletributlion as expaataa'rrom the discussion of Q-values. The
sharp decline observed at 20° 1s not reproduced, and above 60°
the calculated curve looks to be toé low, but elsewhere it
1s npotable that the experimental curve is broadened only slightly
beyond the centroid distribution (eapeoial;y conslidering that
the beam widths are about 4°).

It is to be emphaaized'that the Interpretation of deviations
of the preduct distribution from G;(e), as discussed in Sec. 6,
must remain somewhat speculative, particularly until further
experimental data are available whioh allow ooﬁpariaons with

other reacstions. However, two features indicated by the present
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‘data ghould be pointed out. First, it appears unlikely that
the cholce of anotherreaction model for the‘calculat&on of.ﬁ%&@)
would lead to giﬂanigantly vetter agreement in Flg. 9. Model B

hag been used here because it lea&s to the eonventional form,

e, = Vv a @xp(«n E”),

‘when applied to a homogenaaus'gas mixture.>?’ One might expect,
for example, that a eroes section of the type of Model C, which
decreases with increasing relative energy, would provide an
explanation of the abrupt d@érmaae in KBr intensity at low
angles. [As seen in Eq. {21}, the relative energyuiayiargeéﬁ

at low anglea ] Although this would held if E' vere sufficiently
low, it tnrns sut that the temperature variation of th@ col» )

lision yiéld determined from several other expcrimentsl

'requires'
one to chose 2 r&ther high value of E » as ghown in Table IIx.
Taen one finde that ®(e, E" = 3.97) nearly colucides with

B(Q,-E = 2,51), for the reason given in the general diacuééicn
of See. SE; Tha'éituatioﬁ was simllar for all of the reaction
moﬁélﬁ wWe ﬁava tricds p&raﬁ@ters for sevaral of fhase’are glven
in Table IIT.2%39 pop tnis feactidn at least, the eentroid
diatribution can be regarﬂe& for practieal purpéa@s as experi*
mentally determined from the temperaturt varistion of the
collision‘yield, The second remark 18 if we now acoﬁpt G’(G)

as & fairly aacﬁr&t@ approximation to the true centroid distri-
| bution, we find in Pip. 9 & tendenoy for tha Kby diatributldn to
be skewed away from the K beam (1@35 KBr at low angles, more

at large angles). Thia 1mgliee that in the reactive collisionﬂ
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the KBr tends to come off to the outslde of the path of the
center of mass, and the H to the inside, the side away from
the 1nocming K atam._ Thia is evidently what is to be expeoted
if collisions with tﬁe Br end of HBr are more often fruitful ‘
than other configurations.

Recently Greene, Roberta, and Rassz have sucaessfully
eérried out & argsaed beam study of the X + HBr reaction using
practically moncenergetia beams The detalled 1nformation
which can be obkaxned from tnia type of experlment will be
extremely valuable: thelr work has alr@ady aemonatrated that
" the conventional interpretation of E a8 & threshold energy is
cversimﬁlifiaﬂ,'aé some KBr was detected from collisions with
ralativa'energy as low as 1.4 keal/mole. We have not been able
to make uge here of the results go far repqrted, however,
because in this partiaﬁiarvexpariment the velqaityvdependence
of the collision yleld was measured at a fixmd laboratdry angle.
Thus, as the velocity was varied,,the,obaerv&tions'néaesaarzly“
: correéponded to various recolil angleé in the center of mass
aystem. The opserveﬁ raaultsﬂtherefareerepresent'a superposition
of the anguiar dependence and the velocity aependenée of the
scattering in the CM system. All that oan be said at present
18 that these results are competible with the previous data.
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Appendix. Clogsed Forms for Special Cases

Analytic expreasicns-f¢r the rate constants considered
in Sections 4 and 5 can be obtained in gome special caces that

will frequently occcur in practice.

Collisions of "Fast” and "Slow" Beams

If the most probable velaaiﬁieé in the colliding beams
aiffer greatly (ey<“uy, say), it will be a good approximation
to éeﬁ the reiativa velocity a@ual to tue velmaity of the
Faster beams v ﬁvvga partiﬁularly_faf‘ﬁheklargQ'Values of v of
iaﬁar&st‘in'reactive eollisions. In Bq. (3}, the integration
over the distribution of velocitios in the slower beaﬁvmayvthep

be,aawﬁiﬁﬂ cut ﬁeparatély, Qa that
R L @y | s | |
X o= (&w&/“ma“) é v§ 6(v2)@xp(wv§/a§)dv2 - {a1)

This integral hag the same form as that for a h@m@genaouslgaa.

It may be written as a Laplace transform, as in Eq. (13), with
. YA TR -
ko= ¢{p)s p = 1/@2 s
£(6) = (22 o(eVE) |

For a~eroaa'aea£ién of the form adopted in Bq. (20},

k= Ze ok s o o(ae)
and‘ﬁha tablaalo give
&, = (/7 B)ago 220 (2n,a?) (A3)

in terms of thengamma fuhation wf Eq. (27). For elastic
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cellisions, n = 0 and 2z = O, this yiei&a
ge - (a/wl/z)azcé,a 3&06 ’ - : (a4)

where 7, 18 the average velocity in the source. Whenn = 1, o
the result is also 81mple,

k, = vza'zae z,’ - (as)
Integration of Eq. (A3) by parte gives & recurrence relation

(n»l)k R zak “ zakl » - o v_ . (AS)A

from which results for any value of n are readily generated.

The rate constants for Models A and B have the famillar form
Ky = Tp0,(142%)e™®
A A

RE_ = V0,0 .

However, here , | o

22 = (v*/a'z)"‘a Gy ME*/RD,). (A7)
The factor m/Mé M/Mi arises frcm the idealization that only
the motion of My contributes to the relative velocity. Eq. (A3)
and derived results are only exact in the limit ay/ag—>0, but '

remain accurate within 5% orvbetter up to about al/azﬁo.l, when

2z is greater than unity.

Perpendicular Collisions

Por beams intersecting at v = 80°, Eq. (12) may be rewritten

as
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k= AD(L/af)D(L/ag) gfém/zvza(v)exp[4v2(p+qoaszw)]dvdwp
S (a8)
‘as ! may be seen from 1nspection of Eq. (11) D(k)yis’thé aife
ferential operator, 3/d%, and ' - o
1/ a1 i>
= : < s Q™ - ; N
-y 3). a3 - 2
| It is canvenient to number the partilcles so that als.aag to
-make g & positive cuantity. Use of the identity
nu/aimu/az) = 2(0%(p) - p3(a)] ,
further differential operation, and 1ntegration over ¥ yi@ld
k = a;%3%0(-p) (0%(p) - Datq)]a(pm), )
¢(psq) = é'e"ptxe(qat)t”l/aa(t*/a)at, | ~ (a10)

where t = Vas and Ia(x) is the modified Bessel fﬁnction.zo

We consider first the case in which the most probable

o velocities in the two beams are practiscally equal, oy = ay.

Here q = 0 and Io(o) = 1, so that nq. (A10) reduces to a standard
'_form.10 The results abtalned are

kg = Védé(lsn/lﬁ)‘ A . o {a1y)
k, = vzch“(z) o - R (r12)

Another route to Eq. (All) 1s to apeeialiaa Eqgs, (18) and (18),_
which gives ' ' o
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2 | -
ke = {:r/ ®,(e)ae = V,0,(157/16)

conipa.ri‘ng Eqs. (A¢) and (All), one sees that as u,/a, 15 varied
from zere to unity, the collision rate increases by a factor,
157/16, that represents thé integral over the distr:.imtion of
ceﬁtmida. Similarly, Eq. (A12) can be obtained directly-from |
(18) ana (22), sinoe z is independent of © when @y = ay and ¥ =
90°. Egs. (All) and (A12) remain acourate to about 5% even when
@y and a, differ by as much ae 20%. '
When 0-<a1/a2 <1, analytic 1ntegracion of Eq. (A10) 18 not
feaslible fox the types of reactlon orose aections;included in
(20). However,if a,/a, 18 not too close to unity, a good
approximation is obtained by keeping Just the firét term in
the asymptotic expansgion ’ |

Io(x) ~ ex(awxfk/ail # (1/8x)+...] .
With this approximation, one finds |
X, é-?éokzznla'r(z-n,zz)'+‘R“r(1»n,za)]-, : (a1r3)

where
| B (1“.:,2)"8/2

R = = %‘2(1-1‘2)”5/2
and r ﬁ'ql/ae, Results for the cases with n = 0, 1 are

- -
kg & ky = V0,07 {r' (1+2%) + R"] , | (A1)

ky = ¥,0,z% 2 (a1 + Re? r'(o, 2)], (A15)
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and IcB o kO' l{l? where . Co v

/

r{0,x) = ~ E4(~x) = [Te"tt tat
’ X

18 the exponential integral.’l Reeurrenn@ relations again offer
a. cmnvenient means to extend the results; Using primes to dia~
tinguish the first and ‘second terms of Eq. (Alﬁ),‘

k nkn‘§'1€n;
we may'write the relations as:
(n»l)k

n+l + zzmé @ zaki . ' ;AIS)

2. 2.0
n kml +.2%8" = zzlzs .

: Th@ relative error due to the negleat of the aeconﬂ and higher
terms in the asympﬁoﬁie axpansion will be lesa than
i £
8q(v%)§ 4z§(l«r§)

Thus Eq. (A13) r@duaem to the proper limit, Eq. {A3), as r—0,
but becomes invalid in the limit r—3l and also for elastic
collisions, for which z = O, As long,aa the.heams have suffi-
clently different average velocities, noweverg BEq. (Al3) will
| be a suitable approximation for mostchemical reactlon studies:
for the X + HEr reaction under the conditions of Table II@_ﬁhe
relative error is only about 0.003 at EY = 2.5 keal/mole. In
Acase r is near unity, the appropriate approximation is Eé, {Ar2).

For elastic collisions, Eq.-(AlO) can be integrated in
closed form. One ultimately rinds
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G{p,q) = qeﬂl/ap"l/ngl(%égalsﬁ)
} whe:e zFl(é,h;e;x} is the Gauss hypergedmetric.func%ionfs and

§ « (@/p)? = (1-08)%/(242%)% .

The rate of elastic collisignavisvthen given by

' keva'¥éoéa”vf(¢)'_ | o - (17}
where , | |
v Rt a:w,é.zg/gl_wﬁ}}?/z B
and R

'r(CB = (15/8)F + 2 (15& e)r* + 2&{21§~11)F"'4»8¢3(&~1)r"'
_in terma Of tne hyper@egmeﬁria functian F & 2F1 and its Lirst
 'three ﬁerivasivea. It can be shown that as r—0 and r-—1i, Bq.
{aAx7} reduces to une ﬂroper 1imiﬁa, Beas. (&%) and {All),

resp@etivaly.,
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1

22, R@ferenc@ 6, P. 196, and Reference 11, Vol. I, pp. 135,
| 370, 373, |
83 Referance 1l Vol. I, p. 88,
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Table I. Attemuation funotions.®

z  PyeRglz)  RpeRole)-Fy(z)  (¢/15)27'(e)
0.00  1.0000-00 1. 0000~00 0. 0000-00
0.25 ' 9.9999-01 9.6405-01 1.7253-05
0.50  9.9945-01 9.2421-01 1.8308-03
0.75  9.9255-01  6.1088-01 2.2866-02
1.00  9.1833-01  6.5164~01 1,1070-01
1.25 = 8.7320-01  4.7185-01 3.0075-01
1.50  7.2072-01 - 35,0407-01 5.4187-01
1.75  5.2523-01  1,7295-01 7.0740-01
2.00 _ 3.3259-01 B, 6358-02 7.0543-01
2.25 1.8160-01  5.7747-02 5.5601-01
2.50  8,5270-02 . 1.4420-02 5.5455-01
2.75  3.4430,02  4.6121-03 1,8595-01
5.00  1.1970-02  1.4027-03  8.1211-02
3.25  3,5895-05  3.5728-04 | 2,9611-02
3.50  9.3020-0¢  7.9554-05 9. 263803
3.75  2.0871-04  1.5494-05 2.4679-03
4.00  &.0615-05 2.6411-06 5.5478-04
4,25  6.8660-06  3,9426-07 ©1.0782-04
4.50  1.0097-06  5.1566-08 1.8049-05
4.75  1.2933-07 5.9125-09 2.6092-06
5.00  1.4445-08  5,9457-10 3. 264807

®For definitions, see Eqs. (25) and (29) of the text.
The last two digits of each number in the table are
the (negative) power of ten to be attached.
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Table II. Conditions of a. typicsl experiment: orossed beams
of K(B37°K) and HEr{460°K) intersecting at vy = 90°,

Elastic cellisiana | R@aative'eollisionsa

"Moat pmhable mitlal co*xditions ,

e 5,92 x 10 am/aec | 9.22
VHBI‘ o | ‘sh 10 | . ’ | ' 3050 o
e 2.80 o : 5.88
v 6.70 9.85
e 47.8° | : 57,6°

¥

21.9° -21.1°"

' Camparﬁ.wn of pcxealbl@ 1‘3.m1 states

Q=0 = @Qm=-l Q=0 Q=5keal
vy 2.23 z 10% em/sec 0.37 0.52 0.69
vy 4.46 4.5 50.4  G6.1
kg L28 1.3 T4 5.8
x, 0.65 0.095 0.062  0.047
$T% 50,90 8% 7.8° 10.2°
Bq. (38) 16.5% of 4w 0,208 0,468  0.79%

a'z'-ha reletive energy is taken as E = 3.0 keal/mole, for
which the most probable value of Ea is 2.2 kecal/mole.
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' Table III, Parameters for various resctlon models.

. Cross Seetion  E* |

A e, 5.25 £ 0,12 1,3¢ x 107% 5%

B o li-(5%E)] 251t 0d2  2.47.x 1072 % 5%

A-B o ({E%/E)  5.48%0.08  2.00 x 107° % 5%

¢ o (e%/E)®  sertom s24x10% g
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Captioné for Figures

Relations among initisl velocity vectors.
Attenuation funetions corresponding to various values
of n 1n Eq. (2&) The insert shews ﬁhe eross seetion

*tion& for the three reaa%ion negdels disauﬁmeé in the

text.

&n@ﬁiarv&iatributiam @f'n@ntreids in elas tic acattering.
for various angles of 1ntersectien of the beama.
Variatian-of the activasﬁon ﬁn@rgy parameﬁer, 22, with

centrold angle 9 for varvious angl@a of inLerEeatien.uf

= i;he bem . ‘
- Angular ﬂap@ndenee-wf the attenuation factor (a) for

' _.Mb&a1 B, with ol = 3.0 xeal/mole and various angles of -

intersection of the beams; (b) for Model C, with Y = 20°

and various values of the activation en@rgy (keal/mole).

?Angular distribution of eentroids for reactive acattering;
‘the conﬂi&&enﬁ assumed corrae@anﬂ to those of parts {a)
fana (v} of Fig. 5.

nepenﬁonme of r&ta econstants for ela&tia and reaaﬁiva

ﬁc&ﬁtawzmg (E* = 3.0 kaal/mal@-uﬂ@&) on the angle of

'1nteraection of the beams.

Relation betwaen the velccity vector cf a praﬁuet molecule

, Mﬁ as observed in the laboratory and in the center-of-

mass refareuce system {primed); as indicated, the possible

‘directions of VE generate a gphere,



Fig. 9
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" Captlons for Flguves (cdntinueﬁ) '

~ Comparison of'obaarvad KBr distribution with calouiated

distribution of éenzroida for Model B.  The ocurves are

normalized to unit area. Experimental conditions are as

‘ in'Tabla,II, and E¥ (keal/mole) is takeﬂ as a paranetar.



S2881-/



3 4 5
E/e*

2

|4
/

2
I, 882

10



20—

|5_'" | ] 30° .' o '- T




: 30‘0.










"0 30 60 _ 90 120 150 180






T T T T T T

60 70 80 90
Y e




This report ‘was prepafed'as an account of Government
sponsored work. Nelther the United States, nor the Com-
m1ss1on, nor any. person actlng on beha]f of. the Comm1ss10n'

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

B. Assumes any liabilities with respect to the use of,.
or for damages resu1t1ng from the use of any infor-

mation, apparatus, method, or process d1sc]osed in
this report.

As used in the above person acc1ng on beha]f of the

Commission" includes any employee ‘or contractor of the Com-

mission, or employee of such contractor, to the extent that
such employee or contractor of the Commission, or employee

of such contractor prepares,’ disseminates, or prov1des access
to, any information pursuant to his employment or contract

“with the Commission, cor his employment with such contractor.






