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COLLISIOUMECHANICS IN CROSSED 

!·1AXV1E.'LLif,N MOLECULAR BEAMS 

Dudley R. Hersohbach 
Departme·nt ot Chemistry ·and Lam .. enee Radiation 

Laboratory, · Un1vol"Gity of California_.* 
Berkeley 4, California· 

and 

Sbeldon Datz and ElliGon·H. Taylor 
Chemistry D1vi~1on_, Oak Ridge National Labo1:•atory~ 

Oak R.id~e Tennessee Q. , 

Abf.ltract · 

A general treatment of the meehsntes of collision betltreen · 

tt·1o Mam~ellian molecular beama is de·scribed.. A method for . 

averaa:;1ng over the velocity d1strlbut:tons of beams colliding at 

any angle 113. developed ana used to calculate the distribution of 

coll1n.i.on energies, the elast1c and reacttve collieion rates,. 

and the angular distribution ot relative velocity and center of 

mass vectors. The .treatmcmt applies to any reaction e.rot&s aeot1on 

\'thioh can be e."q)reoa.ed as a step function. multiplied by a linear 

combin.at:t:on of p~re:rs or the relative energy. The effect of 
recoil momentum relative to the center of' moss on the direction of 

the product observed 1n the laboratory system is discussed. Com­

parison is made with some experimental data. tor the K + HBr __,. li .,.. 

KBr crossed beam reaction. 

* ' Support · ot this 1'11ork reeei ved from the Alfred P. Slean Founda-

t1on end the U.S. Atomie Energy Corran1sa1on is gratefully 

acknolit ledged. 

t Operated by Union Carbide .Nuclear Corporation for the u.s. Atomic 

Energy Comm1ao1on. 
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The interpretation ot chemical kinetics expertments 

ordinarily requires knowledse ot the collision rate between 

molecules as a function ot energy. For a ps mixture, the 

Arrhenius e~ation derived tram the ltlXwell-Bolt~nn distri­

bution ot velocities 18 usually an adequate approximation. 

Recent interest in studyillS reactions between crossed molecular 

beama1• 2 rais·ee th~ need tor a compat•able expreaeion for this 

arrangement. In thU case, there is also the possibility or 

observing the angular distribution ot: the reaction products, 

and thererox-e the neoesoit~ or oaloulating the distribution to 

be expected on various asawnpt1ons. Although the use of' mono­

energetic beams would simplify somewhat the interpretation or 

resu~te, pract1cal l1m1tat1onG ~te the use or Maxwellian beams 

mandator~ tor many experiments, as the decrease in density 

accompanying the energy seleot1on can only be tolerated tor a 

relatively small class Of reactions in WhiCh the oollieion 

yielcl or the detection ,efficiency for reactants and products · 

is unusually high. 

In this type of e.Y..pe:rim.ent the two most directly observable 

quantities are the reaotive collision yield, defined as the 

integl"ated number of reactive collisions divided by the total 
' collision number, and the angular distribution of products. A 

rigorous analysis would require a qua.ntum meohan1cal description 

ot: tlle energy .states ot pairs of colliding moleou.les. However, 

a reasonable starting point ie a seneral formulation in Which 

the dependence ot reaotion probability on internal energy 

etateo ia included in a oroos-aection term and the eQ.Uivalent 

' 
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ot the claes1oal ArrheniUs p1oture is tully- developed tor 
. ' 

orca, sed l-tlxW$ll1an. beams. This aeecr1ption maJ' then serve as 

a basis for a stochastic comparison ot detailed collision 
' 

mechanisms with observed results. 

1. Col11s1on Rate in Crossed Beams 

t'h• -tlux. distribution ot veloo1t1$S in an etfus1ve beam 

.. 1e stven by3 

di/lo • 2(vS/u$) exp (-v2/a2) d(v/a) (1) 
. - ·· . U2 

where x0 ts the total :tlux 1n moleoules/cm2/seo ant\ cz o (2RT/Mr·· 

1s tlle moat _probable mo1eoul.ar velocity 1n the source. However. 

1n ol'der to ·calculate the number ot ~ol11s1ona of a speo1t1ed. 
• • I • 

nature bettl'$EU11'D.Olecules tn each ot two interseotins beams, 
. . . 

we have to conSider elementa ot vol'l.111le 1.1 in eaob beam moving 

toward each other, Where 1/ is equal to the volume of inter• 

section or the two beam$. fhua the velocity distribution *1ch 

enters the calculatton iG that f'or th& (tene1ty ot molecules (n 

per tlnit volume) within thest;t volume elements, 

elf' • an/n = (4/w112)(v2;a2)exp(··v~a2 )d(v/a), (2) 
~ . 

rather than the flux 41str1but1on. The number ot collisions 

per second 1n.the react1on.volume is then given by 

kn1n2v . 

1n terms ot the rate oorustan~, 
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• A ~ ~ v<1(v)viv~exp[(-v~/af)+(·v~a~)]dv1ctv2 (3) 

~there A a lG/ ( 1rafai) and 1<: is exprassed 1n the usual units of 
seo ... 1 (mol~e/oc)·1• Here a(v) is the' oollie1on oross ,section 

fo~ the process ot. interest and 1n general is a i'Unot1on ot the 

rela.tiv$ veloeity v. It may 'be remari<:ed that the use or the 

initial equilibrium velocity d1st~ibut1orus 1n Eq. (s) does not 

~epreo&nt an approXimation. ~s 1n the corresponding calculation 

for a gas m.iXtUre.t 4 because in the oxoossed beam expetJiment 

tlle collisions tU"e always betl<~een "fresh" reactants. 

To. carey out the averase over the oroas section tunot1on 

an<l angular distrihl tion oaloulat1ons, it will be mofJt convenient 

to employ as ~n.tE)grat1cm variables ir~o Eq. ( S) not the velocities 

ot the beatrJJ1 v 1 and v 2., b"llt ei tnar v and "'t, the magnitude and 

anglo ot• the relative velocity veeto~, or c and e, those or· 

the center•ot ... ma&a. vcotor, The necessary transt"ormations are 

found from etmple kinematical relationsJ these are now reviewed 

briefly in the course ot epeoify1ng our notation. 

Soma eo.nventions will be adopted to avoid ambiguities . ., · 

Let the particles be numbered so that MJ. ~ r~. The initial 

veloo1ty vector<' diagram (Fig. 1) is drawn so that ! 2 is reaob.ed 

by a. oounterolookw1ee rotation from y1, and th~ various angles 

are measured from the direction or the 11~1ter particle, !l• 

... 

' 
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The angle or intersection or the beams, y, mar have any value. 

The initial velocity vectotts refer to an as~ptot1o state tar 

tl"'m the scattering oenter, but tor convenience are drawn as 

if' tbey were Just emerging trom the· saatter1ns center) thus . 

F1g. 1 maY be ·regarded ae apply1ng to an ideal1.z$d' encounter 

1n Which no interaction t~hatever ooaurrech 

From the det1n1t1ons 

·~'! • ~!1 + Ma!2 

M -~+r.t2 , 

there tollott the relations 

rc coe G = l·\ V"1 + Mzv2 cos cy 

Ma sin. G a 11:7zv2 sin , • 

The angles vary over-- tbe ranges 

The transformation equations we shall need area 

(4) 

($) 

(e) 
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, (S) 

and 

(9) 

The tl"'ivial cases 'Y • 0 and 'Y • w at"e excluded. 

Tl'l;e quant1t1e~ m and a 1ntrodueea l'1ere may be r~garcled 

aa ef.t'eotive mass a.nd velocity parameter$, respectively.. Theil" 

limiting values are constants:' 

m ~ M
2 

and a ~a2 
as ~ ·.~ .?t ..... 'Y and €1 ~ 1'· However~ the general de.f'ii11t1ona 

are.angle dependent: 

m2siri~'Y = (r.~fs:tn2 (·y+w h·2I-11~cos 'Y e1nC"fi11 )sin'l/! + r~~a1n2t J 

(10) 

. also11 mv = f•le. 

(ll) 

'" 

v~ 



.... .. 

·-· 

... 

... 

UCRL-9378 · 

3 •. Method of Calculation 

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

obtain 
~ .,.._, '11!11 

'! 

lt • (A/s1n5y) I I stn2('Y+l1 )e1na..v6a(v )exp( -v'-/a2 )dvdt 
. . 0 0 (12) 

The 1ntesrat ove~ · v may be evaluated as a Laplace traM form 

Just ae in tbe treatment ot~ ooll1&1ons in a ga.s mixture .• 5, s 
Here t • ·v2, p • l/a2

j and r(t) • (~/&1n5v)t512o:(tll2). 
In add1t1on to the ~ate oonstant 1< itself we td.s h to cal­

culate ansulal" 41st:ribut1ons. The di&tr1but1on ot d1reotionc ot 

the re.lat1ve veloo1ty veotor- ie obtained by merely omitting 

the 1ntesrat1on ove~ t in Eq. (12). 

@(f) • dk/4, (14) 

• s1n2(-v+1) ain~ O(l/a2)' • 

Tll1s may be converted to the angular cl1stribut1on ot centroid.& 

by use of the trarust'ormat1ono round in !qa. ( s ) and ( 8). 

(S)(G) • dk/d9 • (dl</df }(dt/d9) 

• a1n2(y-9) a1n29(m61Mit4> G(1/a2 ) 

Returning now to Eq. (12), we note that the rema1n1ng 

1.ntegrat1on may be carried out over e.ither t or 9, and thus 

the rate constant 1o given by 

(15) 
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. '1T-')' . 'Y 
k • 1 <?(t)at • J CY(9)c19 • 

0 0 -

The integration may not be tractable by analytic means, but 

a graphical integration 1s appropriate., ae one will usually 

want to prepare a plot of ~(t) or @(9) anywaye 

B 

(16) 

Out of all collisions~ the number of those which satisfy 

various presumed conditione can be found by introducing these 

conditions into the oroes-aeoti~n a(v) in Eq. (12). A compar­

ison of the collision yield thus calculated with experiment will 

indicate the degree to wh1oh the assumed conditions approach 

reality, and the ltlhole collisional treatment developed here is 

simply a .framewo.rlc in wh.1oh to carry out such comparisons • 

As yet, we have placed no restrictions o.n the form of o-(v), 

except that it should have a Laplace transform. In practice, 

it is sufficient to reetriot attention to some convenient 

fUnctional forms for ~(v) 1r these have enough flexibility to 

represent the main featuree of the processes considered. 

4. Averages Over Cross Sections for 

Elastic and ~eactive Collisions 

(17) 

the ratio or the reactive collision rate to the total collision 

rate. Since ve~ small deflections will remove a molecule 

from the beam, the oross-seotion for elastic scattering as 

measured in molecular beam experiments is very large (BOO A2, 

.. 
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tor K + HBr, tor example). Thua elaat1o scattering s;1ves a 

much larger oontr1but.1on to the total ooll1s1ori cross section 

than does reaot1ve scattering, and in Eq. (17) we may r$place 

~- b3' the rate ot elast1o oollie1ons. 

The.oroae section tor.elaet1c scattering has only.aweak 

dependence· on relative velocity, and 1t, is an adequate approx­

imation to repreeent 1t by a constant ave~age value, <1
8

, whiob 

may be taken outside the 1ntH~gral 1n Eq .. (12). The 1ntegrat1on 

over v 1n Eq. U.s) then ,-1e1ds 

o
8

(l./a2) • (15/7fll2a1n5y)(cl/aiai)o-e , (18) 

!he angular d1etr1bUt1one @e(t); @e(O), and the rate oanstant 

ke t~r _elastic .ecatt•rlng may now be obtainGd .trom Eqs. (14)• ' 

(16). 

In evaluating the reactive collision rate, we shall use 

several erose ·section tunct1one. We first oomd.der the simple 

cross eect1one that accord with ttfO traditional models tor 

reaction. )bdel "An assumes that <r(v) 1a a step tu.not1on with 

vespect to relative tllnergy and·impaot parameter and is inde ... 

pendent ot·or1entat1on and internal excitation. 

<r(v) • o, v < v* 

* • err' v > v , . 

Wher& CJ'r is a constant ~nd v* la related to the·aotivation 

* . M~/ energy .E and :reduoed masa ~ 111 1\·? M b;y 

E* • f f.4(v*)2 • 

(lSa,.) 
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The integration over this erose section in Eq. (12) d1trers· 
. . .. 

front the elastic case only because the lower l1m1t 1e now v· 

instead ot zero.. Model ".B" asswnea turther that only the ·cOil- · 

ponent ot relative velocity along the line ot centers at impact 
* . . 

is eftect:t.ve.. The cross section above v is then not constant, 

and taltes the torm 1 

(l9b) 

A third OZ'Oae section. function., "Model c•, is suggested by the 

oaloulatiorus of Wall, Htllar, and Mazur on the H + H2 reaction. 8 

They round a "action p1"0bl1b111ty which decreased rapidly with 

increasing energy above the threshold (see the insert in Fis. 2 )I 

' the corresponding cross section 1s approXimately 

a(v) •-0, v ~ v* (l9c) 

• alJv* /V' )20, v • v* .. 

A more general functional form Which· can be readily treated 

consists or a· step tunotion mult1].01.1ed by any linear oomb1natioll 

ot powers of the relative energy~ 

a(E) • O, E "' E* (20) 

= g_ ~ c (E* /E:fl, E > E* rLn. n 

'l'he exponents !:!. may be positive ()r negative 1ntergersJ the 

constants o are d~ens1orueso and oould be taken as adJustable 
n 

parameters. Eq. (20) inoludee models A, B, c as special oasesa 

for A, o0 = lJ t:or B, c0 • 11 c1 = lJ tor C, c10 a 1 are the 

nonzero aoeftio1ents. 
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Tl1c re~ml~-;e for• an.y t"caction cross sect ion that co.n be 

l'~CPl"(~ccrr!;cd by Eq, ( 20) t:ili::e the follct,.;ir~c::; s:tmple .form: 
- . ' 

and 

As seen t~tn Eq. (ll),. s depends on the angle, · 

11 

(21) 

(22) 

(23) 

and. on the mans~s and temperatures of the beam molecul~s as 

well as tt.te aot1vatton enarg1. The tunotions Fr(z) are a.tten­

ua.ti<?n .factors that mod1t;ytbe reaUlt tor elastic soattertns 

to take account or _the prem!\Uil placed on relative energy by the 

reaction eros$ se~ti<:>n.: For all ox•oss sect1ont.~ ot the torm 

ot .Eq. (20).1 the r,(e) twl.Ct1one can be_ expressed 1n terms ot 

the probability integral and 1t1:1 derivative,. 

lfh:) = (~,l-12 ) 12 
e•t

2
dt; 

0 

H'(z) o (2/11'11-2 ) o-z
2
, 

~or whioh. e-Jttene1ve 1;ables are available. 9 It is only neoeru.Jary 

to outline tbe ealcu:t.at.ton ot the function F A1 ( ~) correspond ins 

to a single-term ot Eq. (20), s1noe the gon~ral reeult may be 

oonat~cted ae a linear ooll\bination, 

(24) 

" . 
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IZ 

co · 2/ 2 ~~co . 2, 2 
F n (~) = l* (v*/v )2nv6e -v a,ov; f v6e ·v 1 a dv • 

v 0 . 
(25) 

and usa of the Laplace txtaooto~ tablea ~.1ves10 

. (26} 

00 . 

r(n,x) = 1 e ... tta-lat (27) 

is the incomplete· gamma tunot:i.oa1~ 11 iJ!h.e integration is trivial 

for the oase n = 5.; ~md y1elda 

This ia all thttt is l1(tfecied.? howevez;" fot~ the othel"' .functions . 

ar~ ,:t"eadily r&euevated by u.se ot: a reeu?.."'"~"'enee · 1-aelation 

(n- ~}in+lh~) + zzl"n(z) ... 4{4/l5)z1ua(~).- 0~ ', (28) 

tfllioh is established f.rom Eq~ (26) by integrating (27) by parts • 

. The resulta J.'ox:> models A and :51 f.or example~ are tound to ·be 

FA(z) = [l ... H(z)] + ~[1 + (2/3)z2 + (4/15)z4 ]u•(z) 

(29a) 
and 

.· l!'B(z) = (1 .... -~2 )[1 ~ H(z)] "'r z[l + (4/l5)z2 ]H'(z) .. 
(29b) 

) 

In Fig. 2 these are compared trtith the functioniJ tox· various 

valuea of £1 1nelud1ng model C (n = 10 aaee). Table I g1vee FA 

(n = 0 oaee) and Fa(n ·= o minus n = l case) and the tunot1on 

.• 

' 
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(4/l5)z7H'(z), so that any ot the Fn(z) fUnctions !J18Y be obtained 

!'rom the t'able by- use ot Eq .. (28) • 

5. Procedure for Analysis or Data 

Our results may now be summarized 1n terms ot a stepwise 

procedure for the analysis o~ er..periments on the · basis or 

models such as those considered .here. Two parameters, the 
* . activation energy E and the ratio ~rt~e' are to be fitted to 

the data; some of the coefficients en in Eq. (20) could also be 

taken aa adjustable parameters. 

A.. . AJ.1Sll.f!.f: ,dis~r1but.1on ot a,ent£qide tor. ,elastic oollis1on,s •• 

(1> e ( 9) is calculated from Eqs. ( 15) and (18). Aaide t•rom the 

ecal~ factor o
19

, the distribUtion d.epends only on the beam 

ma.ssee, temperatures, and the angle or intersection, '\'. In Fig. 

3, distributions are plotted £or several angles of intersection. 

The beams in this example (which corresponds to the oonditiollS 

listed in Table !I) have about the same average momentas thu$ 

the centl"oids poal< near 9 = 45° for perpendicular beams,. For 

an acute interse·:!tion.; tho distribution shifts to favor Q = o, 
l':hich would be tho only accessible angle when 'V • 0 and the 

beams merge. On the other hand, it the bea.ttta intersect at a 

sut'!'1c1ently obtu.ae angle, the distribution beoomee bimodal• 

oince in collisions bett-Ieen taat molecu.les of beam one and slow 

molo-:.mlos of beam t\'lo.- the center of mass vector 11ee nearer to 

ba~t:::l ot"!c, and vice V'orsa. The relative height or the forwai>d 

ana baol<:\~a:t•d pealts again ret'le:ots the ratio of the average 

momenta of the beams .. 
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~· Dependence ot z2. on the centroid S9Jl!le, e. 
From Et!s. (6) and (11) 1 one t1nds that 

z2 .d (E*/RTl )(E1/E) + (E*/RT2 ){E~E) '(30) 

The ratios or the anergies of the beams to their relative 

energy, EJIE and E2/E,. depend only on the nw.seea and on 9: 

'7 m
2 

s1n
2 <;t.-e l E· · .I.:Jl = .-.r.r

1
• 2 ..., sin 'Y 

(31) 

Thus, after preparing a gra.ph or these rat1oe; one m.ayreadily· 

read off z2 as a fu.nct1on of 8 tor any set of' values of rr1 .. 

T':'), and E* .. ... 
According to Eq. (22), it is o.nly the VSl"'iation of z2 

with G _that enablee the velocity· depetldence ot• the cross 

. EJect-;ion to influenee the form or the angular dif.ltl"'il'Jutj.on or 
centro1da.12 Fig. 4 :showo the variation of ~:2 over thf::Z range 

of e :f.'o:r> be~una colliding at various a.ngleo, again i"or the 

exarn.ple of Table· II. At~~ sec1"l from .the limiting valu.ea, 

";hich a~e the snrr.o fox· beama intersecting at any angle, the 

lO\,Jest valuc.a of z2 occur near the beam having the higher 

(32) 

avet .. age velocity. Adjusting the value or E* merely changes the 

vexotical scale or· the figm·"e. The drastic changes in form ot 

the curves ·ror varioua angles of intarsec.ti.on are primarily 

due to a simple kinematical efteot: tor given velocities of 

the beams, the relative velocity at an acute intersection 

is much less than that at an obtuse intersection (see the 

, 
• 
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velocityveetor diagrams shown as inserts in Fig. 4); this 

difference 1s magnified 1n computing z2, since z2 is a 

meaoure or the available relative energy. 

/.S 

c. Attenuation ra.ctoro. The function Fr(z) corresponding 

to a given cross section is evaluated by u~e of Table I and 

Eqa. (24) and (28). To convert from z to o as independent 

variable, one prepares a e;raph such as Fig. 4; this step 

differs for each sat or experitrtental conditions (intersection 

angle, beam temperatures. a.nd masses) and :for: eaoh 'Value or 
the activation ~mer{W that io to be considered. The attenu• 

ation tactor or f,lodel B in aho-im as a function of e in Fig. sa. 

which nas been derived from Figs, 2 and 4. Reo.ulta for 

Model A are qualitatively ti!!milar. For both of these models, · 

changing E* merely shifts the curvoe about \..r.1thout much 

alteri.n.g their shape. However, as :;:,een in Fig. 2., the at ... 

ten.uation factor 1s not a monotonic function ot• z for cross 

seotiot'ls such ae that of.' Model c. t'lfhich deereaaes with in~ 

creasing energy above the threshold. Accordingly,. it the 

range ot z involved includes the hump sho\'m in Fig. 2, the 

angt.U.ar dependence or tho attenut::.tion taetor \dll rapidly 

change character as E* is adjusted (or aa an equivalent 

oh8.nge in beam tempe:ratux•efl :Lc~ made). Thif) 1s illustrated 

in Fig. 5b. It tdll be noticed that for su.ffleiently large 

values of E*, Fe has an angular dependence aim1lar to that of 

l*"'B (beoam~e they become neal,..ly pal""allol funotions of z \·zhen 

z 111 large), so that both favor the faster beam, i.e., low 

angles. For omall vnlues of' E* .. lot-r angles al'"e still ra.vored 

by FB t>~h,.n .. eaa large erl!-:;lc~r; are favored by Fe .. 



U~RL-9378 

D. Arysula.r d.~str1but1on of centroids tor reactiv! 

collisions. Aoeord1n$ to Eq. (22), Gr(e) is now obtained 

by multiplying tlle attenuation taetor 1nto the ·distribution 

of centroids tor elaetic collls1ons. Pis. G gives some 

typical results derived in this \tay tvom Figs. 3 and s. The 

vat"'ious special features discussed in connection with Figs. !, 

4, and 5 all appear superimposed in Pig. a. In part1oular1. 

the extent of the shifting and skewtnm ot tbe curves in 

Fig. 6tt, as compared vtith Fig. 5, differs oonstderably tor 

d1.tferent angles of 1nterr.:a~et1on, the attet'1uat1on be.ing· much 

more pronounced for acute intersections. Variation ot the 

intersection anq;le would &.ppear to be especially helptul in 

attempting to choose between reaction model~tn for e~mple, 

u.ndel',' the conditiona of Fig. Sa, the ratio of the maxima 1n 

the angular diatribution tor the "Y • 50° and the 'Y • 150° caoes 

1a nearly tt>;1oe aa large for Model A as tor Model B •. 

The relation ot the angular distribution of centroids 

to tll.fit or the product fragments will be oonsid(:;red in Seo. G. 

If the detected product 1s heavy and the energy liberated in 

th.e reaction 111 small, as for the K + 1-mr _..,. H + KBr reaction, 

the d1stribut1.on of: the product 11ill be quite oloae to the 

centroid distribut1on;3 In such cases, an estimate of the 

activation energy may be obtain.e!d in the coux•ee or comparing 

the observed distribution td.th the @r(e) calculated for 

various values of E* (see Fig. 9), although a more precise 

determination can uJually he made from the temperature varia­

tion of the collision yield. 

The angular distr:tbution ot 1n1t1al relative veloo1ty 

vectors. ~r(t), may be calculated by an entirely analogous 

IB 
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procedure, uaing Eq. (14) and 

~r(~) • (Gv!cre)~6(W)Fr(z) 

:Uotfever, since the relative velocity is a constant or the 
.. 

motion only ror elastic collisions, <Pr(w) 1s not as generally 

useful for eon1Par1son tlith the product d1et~1but 1on as 1s 

tbe centroid d1.str1but1on. 

'f.• Rat! . constant's, ~oll1a1qn · Y1eld1,, anFI d:e·ttrm1nat1on 

9f pa:ram.etere. As shm1n 1n l""::q. (16), the area under a curve 

in Fig. 3 or G gives the corresponding rate co~'!ltant. In the 

$0neral ease a numerical integration is requiX'ed. .Analyt1ca.l 

expressions tor sorn.e special oases are obtained in the 

AppendixJ hotr.rever; 1 t 1e round that even for these eases the 

use or Simpson's method or a planimete-r 1.s more rapid. 

The calculated collision y1old 1a the :ratio or rate 

constants for elastic and :reactive scattering, k,/ke• In the 

present treatment, this 1a proportional to f:trJcr e arid othert~rise 

dependa only on E*, tor a given rea.ctton model an4 a par­

ticular- choice or bean1 temp¢ratures and· 1ntertPeot1on angle. 

Graphs ot k.r/ke verauG E* fo'J... the varioua react ion models , . · 

resemble the curves of Fr(z} versus :a2 in Fig. 2. This may 

be underatood trom. the l1m1t1ns oases cU.sauaeed in the Appendix. 

Tho variation of rate conatente l~ith intersection ansle is 

shotm 1n Fig. 7. The decrease in collision rate tJhioh ooc..:ws 

tor• acute 1ntcra.eotionn vax-ierJ consiclerably with the t-eaction 

model. (The model .designated hera as A - B refers to tbe 

n = 1 case in Fig. 2.) 

In reference l_, a p~ocedure is deeet"ibed tor cvnluatins 

E* and r.Jr!'oaf'rom the tempara.'ture variation ot the collision 
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~1eld. Ratioa of observed coll1e1on yields tor pa1ra ot 

experiments with different reactant temperatures ere compared 

tv-1th calculated ratios for various choices of E*e It io as­

sum~.-d that ar!c e 1a independent ot temperature so that this 

parametex- cancels from the ratios. It 1o then adJusted to t1t 

the magnitude of the eoll1a1on yields after E* 1s obtained trom 

the ratios. 

Ae diacuased 1n See. 7, the available data may be sat1s­

f'actor.il.y analyzed on this baste, although one finds that .. 

tri1th suitable adJustments of the parametera the various re­

aoti.on mcdela give practically equivalent ssreement td.th 

e;;'Pertment (see Table III). 'l'h1o oecura becauGe E* is large 

enoU;Sh to make the relevant region of Fie. 2 that in which 

the Fr(z) functions are practically para.llel, so a aut table 

sh1tt o£ the seale ot z2 (change or E*) makea the various 

attenuation factors elmost the name. The present calculations 

show tha. t the analysis l!l'Ould be m.u.ch more a ens 1 t 1 ve to the 

model used if the 1ntereeot1on angle as well as the beam · 

temperatures were varied., as then the attenuation factors 

could not be brought into auch close superpos1 t1on by a 

simple scale change. No data ot th1o kind are yet available. 

G. Angular Distribution ot Reaction 

ProductaJ Effect of Recoil Momentum 

P. unique f'eature of' tnoleeular beam methods for reaction 

etud1ea 1a the possibility or observing the angular d1atr1• 

bution ot products~ It is convenient to divide the des­

er1pt1on or the angular distribution 1nto two parts. The 
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first is ~r(e); the distribution ot center-or-mao& d1reettone 

in the laborato:ey system. which is also the diet.r1but1on o~ 

the · 1n1.t1al directions or motion ot the collision complex. 

As discussed in the toresolns, (j> r< e) 1s a tunot1on only or 

tbe 1n1t.1al k1nettc encrQ distr1bt.ttion and tbe ve.locity 

19 

. deponctence of the reaction cross section. The second part 1s 

the distribution 1n d1reet1on and .magnitude of tbe momenta ot 

the products relative to a coord.1nate system travelin; with 

tho center•of....utaBa (0!4 eyetem). The magnitude of any given 

momentum vector 1n th1G OM eystem is a ft.mct:ton of the initial 

re.lat1v~ ·energy and th:e energy relcaeed. in the reaction. 

The di~ectiona or momentum vectors 1n th~ CM eyetem will be 

anisotropic it the collision ett1o1ency is ditteztertt fott 

cUf"terent ot-1_en.tationa and it the l.u.•ettme or the complex is 

short compared to its :rotational per.iod, Th~ ani.sotropy can 

be obeel'Ved in the labf)ratoey syatem because the experimental 

a.rrangement pola&-1zes the direction of relative motion ~lith 

respect to the direction or the center-of-mass vector. 

The distribution or center .... ot ..... maas directions can be 

combined with the diatr.•ibution ot pro®ot i.n the CM system 

to give the dis.tribution o.f product 1n t)le laboratory system, 

but the complexity of' the result poses a lengthJ problern even 

for numer1oal 1nte~~-t1on. We have therefore considered it 

expedient to limit the quantitative development initially to 

the more tractable first stage or the desor.iption, given by 

l?r(e). 'I'be perturbations .imposed on tb1s distribution by the 

break-up ot the complex can be examined undet" various as­

au.n1£'>t1ona about the ~·~action mech.an1sm, and results compared 
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t11th experiment to 1nd1cato qualitatively the range and form 
I 

of the trial parameters to be used in a complete cal.culation 

of the angular distribution or products. 

In the d1ssoc1e~1on or e. collision complex in a ·-s:seaet1on. 

ot the type 

1>~1 + M2 ~ 1113 + r1i4, 

the nlasn1tude or the velocity,. V~/, .impa.Pte·d to a product 

rt>agment in the CM eystem is ealculable .f'rom enex-gy balance. 

(33) 

vrhcre E is the initial relative energy in the collision ot the 

reactanta and Q is the enet»gy converted from 1nternai deeweea 

of freedom (rotational. "'fibrattonal;f or eleetronio) to relative , 

kinetic enerQ ot the prOducts. 'l:'hue Q 1s d.eterm1ned by the 

dif.terene~ in zero point on.e:t"~Q of the reactants and products" 

AD~. and the d1ttorence 1n internal exoitatton energy or the 

l"eaotants, UX", and tho products, Up* 

Q = AD0 + U • U • o p r (54) 

Q is zex-o, positive, or negative, according ae the ooll1aion 

is alastie, exothermic, ot' endothermio, respectively. 

As tho vector ~; may point in a.ny direction 1n the cr1 

oyotem, ita pot~sible d1rect.icmm generate a sphere about the 

tip of the center ... ~f-nw.r;m veetol:•, as indicated, .in Fig. a. 
The velocity of the produ¢t: in the laboratory· system., ~s• 

1o tho vector sura of its recoil voloo,1ty, ~S' in the C~~ syatem 

· and the velocity or the centroid in the labo:t'atocy system; ,e. 

Conoequently" tor any given recoil angle tf,l; in the CM systeJm, 

the poaaible direotiona of veloo1ty vectors 1n the labol"atory 

r.-• 
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system generate a cone of half angle ~3 about the original centroid 

direction. where 

(SS) 

and x3 is the ratio ot the speed of the centroid in the labo·ratory 

syetem to that or M3 in the CM system, 

(:56) 

. . . 14 
where E

0 
is the translational energy ot the center-or-mass.. S1m1lar 

equations obtain tor the other product. M4• 

Whenever g 3 > 1, as 1n ~1;. a, the laboratory distribution ot 

the product M3 Will be confined to a forward cone about the cen­

troid direction, resardleaa of the form ot the distribution in the 

CM system. The maximum possible angular displacement ot the product 

direction tram th$ centroid direction in this case is 

(37) 

Thus, rrom Eqs. (3i) and (36) it 1s seen that tor s1ven .1n1t1al 

conditions (beam velocities and angle or 1nterseot1on), the unknown 

parametel:' Which detemines the max:imum possible broadening due to 

recoil is the internal excitation of the products, since 1n general 

AD~ 1e known and Ur may be estbnated. from the source temperatm:tes , 

ot the reactants. 

The consequences or this effect recommend., tor the first 

crossed beam studies, reactions with values of x3 well above un1tyJ 

that 1s, reactions in Whioh the ,detected product is relatively heavy 

and the Q-value is small, such as K + HBr -+ H + KBr. In auoh oases, 
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a considerable enhancement ot intensity can be obtained, since the 

eol1d angle aoceseible to M3 1n the laboratory system is reduced to 

41t' sin2 (~~ax): (38) 

ateu:•ad1ana (see Table II .t'or examples), Whereas when x3 < 1 the 

product M3 could scatter into 41f steradians. For sufficiently large 

x3, the recoil broaden1·ng given by Eq .. (37) Will be quite small., 

less than 5° if x3 > 20,. and the angular distribUtion or ~ must then 

follow cloaely the centroid distribution., <Pr(9). The radius or the 

sphere in Fig. 8 tlill be so shrunken (to lese than one-twentieth of 

o When x3 > 20) that no t•eatures or th,e reao11 scattering in the Cf.1 

system can influence the laboratory distribution under the resolution 

attainable in practice. The procedures given in Seotion 5 should 

then be sufficient £or interpretation or the data. 

As one retreats t"rom the 11m1t ot• large x3, the possible ani­

sotropy in the distribution ot recoil angles in the CM eystem can 

have a more and more pronounced effect on the laboratory distribution# 

Wh1oh is thereby skewed with respect to the one expected f'rom iso­

topic addition or the recoil to @r(9). There is the further oompli­

oat1on that the degree of anisotropy will have some velocity 

dependence, and this need have no stmple r~lation to the velocity 

dependence or the total reaction cross section Which entered into the 

calculation or @r(9). 

Although 1t is clear that the influence ot the three factors 

determining the contribution o1' recoil (internal excitation or pro­

ducte, anisotropy or the angular distribution, and the velocity 

dependence) cannot be untangled by comparing the observed product 
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distribution with G>r(9)6 one may hope to tind at let1at qual1· 

tat1ve interpretations Wbioh are oone1atent With results trom 

· different experiments and With intuition based on knowledge 

or molecular atruct~e and energetics •15 In particular, 1t 

would appaar unlikely that the distribution of recoil angles 

would t:vp1oally happen to be euoh as to prevent .a.tta1nment ot 

the ~max or Eq .. (37)J thus one might •xpect that the maximum 

dev~a.t1on of the obeerved d1atv1bution from <Yr (G) woul4 permit · 

a reliable estimate or the internal excitation o1' the produota 

to be made. 

1. D1acuse1on of the K + HBr .-,. H + 'i(Br Reaot ion 

Table II eummar1zea the conditions tor- one ot the exper1• 

menta tteported in Ret. lJ the oaloulatione presented ln. Figel!! 

3-9 ooweapon4 to these conditions~ 

The rnax.S.mum value ot Q (wh1oh Will stve the largest possible 

value or 4J~ tor given 1n1t_1al r~lat1ve en.ergy) ooev.rs tor 

reactions that leave the newl.y·tomed KB:r molecule in its lowest 

internal etate.. 'I'h.1s l:lee onl.y about 4 kcal/mole below th$t of' 

tmr. 16 Practically all the HBr molecules are in the gr<>und 

vibrational state and. moat have between o. 3•1. 2 kcal/mole of 

rotational energy. Thus Q <. 5 koaljmole.. 11" we allow about 

l kcal/mole for the initial rotational exo1tat1.on ot HBr~ 

.Pis. 8 has been dra\'ln t'or E • s and Q • 6 kcal/mole, and 

shows g,= • 10. 26 at e • 57. s• 1 under theee oond1t1ona +max 

varies trom 13• at 9 • 0° to 7° at 9 • 9o•. 
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2/f. 

The extent to Which appreoiable internal excitation of the 

KBr might be expected to ehrink the recoil broadening ie illu­

strated in Table II. For a number of exothermic exchange 

reactions With small aoti.vation energies, there 1e evidence 

that the newly-formed bond 1a vibrationally h1Shly ~~c1ted .. 17 

Although the exothermic1t;;r ir' these examples 1B quite large, and 

the situation may be somewnat tUf·terent in the px•esent case of 

a reaction that is almost ther.moneutral. these results suggest 

that most or the reactive collisions may be expe¢ted to have Q 

values neer zero or perh£-p.a sli!btly negative, oorre.E$por&d1ng 

to the tox-mat1on ot KBr with about ;:s ... e l(oal/mole of vibrational 

and rotational energy. 

In Fig. s, the distribution or: oentro1de oaloulated for 

I~J:)del B !a compared with a t~"Pioal experimental curve. It 1e 

* eeen that the distributions ea.louleted r~n:a E • 2. 5 and s. 0 

kcal/mole fit reasonably well and are &bout &a ·Close to the KBr 

distribution ae expeot~d .from the d1souss1on of Q ... values. '!'he 

sharp decline observe<~ at 20° 1s not reproduced; a.nd above 60° 

the calculated curve looks to be too low, but elsewhere it 

is notable that the experimental curve is broadened only slightly 

beyond the oentro1d distribution (especially considering tll&t 

the beam widths are·about 4°). 

It is to be emph.aa1zed that the interpretation ot dev1at10llS 

of the product d1etr1'but1on from <f>r(e}, ae discussed in Sec. 6, 

must remain someWhat speculative, particularly until fUrther 

experimental data are available wh1oh allow comparisons with 

other reao~1ons. However. two features indicated by the preeent 
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data should be pointed out.. Firat,· it appears unlikely that 

the ohoioe of anotherreact1on model for the calflulat1on of g>x-<9) 
l'lould lead to a1gnl.t'1cantly better agreement .in ,Fie;. 9... MJdel B 

haa beenuaed here because it leads to the conventional .form# 

- * ' l! == v a exp(-E /RT), r r 

tlhen applied to a homogeneous gas mixture. 511 7 One might expect, 

tor example, that a cross section or the type of MOdel c, Which 

cleereasee with inareasins relative en$rgy, wou.ld provide an 
explanation or the abrupt decrease 1n KBr intensity at low 

angles. (As seen in Eq.. C:sl). the relative energy' is largest 

at low angles. 1 Although this tlould hold if r.* were su.ff1c1ently 

loli_. it turns out that the tent:;>ez•atUl"'EI variation Of the OOl• 

lislon yi~ld determined. from several other ex.per1ments1 requires 

* one to chose a 1•athe.r h.igh value of E 1 as shown in Table III .. 
* ' Then one finds that <Po (G., E • 3 .. 97) neo.t•ly ooinoides with 

' . * <P13(S1 E · = 2.51), f'or the reason given in the general d1souea1on 

of Sec.. SE. The situation YJns aimilal" for all o!' the reaat1on 

models we have tried.J parameters f'or eeve;r•el of these are given 

in Table Iii.lo,lS For this reaction at least~ the oentroid 

distribution oan be regarded for praotioal purposes as experi­

mentally determined from the temperat~ ~e:tion or tha 

oolliaion. yield e The eeoond remaric is: 1!' we now aeoept <PB (G) 

aa a fairly a.oourate apprt.>x1mat1cm to the t:rwue cc:ntroid d1etr1-

but:t.on, we find in Fig. 9 a tendenoy fot• the KDr distribution to 

be aJ.te\'led away t'rom the K beam (less K13r at low angles, more 

at large angles). This 1."\lpl.tee that in the reactive collisions 
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the KBr terids to come ott to the outside or the path ot the 

center of mass,. and the H to the inside, the side away from 

the 1noom1ng K $tom. This is evidently what is to be expected 

it collisions with the ~ end ot HBr axae more of'ten tru1ttul 

than other oont1gul.'"at1ons. 

Recently Greene, Roberts, and !ioss2 have successfully 

oarr1ed out a oro£uJed beam study ot th& K + H.8r t'eaotton uatns 

practically m()noenerget1c beams. 'lbe detailed information 

Which ean be ob~a1ned trom this type ot exper1lnent will be 

extremely valuable; ~heir wot-k has already 4emonstrate4 that 
. * . . 

· the conventional interpretation ot E as a threshold eners3' 1s 

overs1mpl1tied, ae some l<Bx- was detected trom ¢ol11a1ons with 

rell4lt1ve energr as low as 1.4 koal/mole. We have not· been able 

to make use h.ere o.t the results so tar reporte4., however, 

because in this particulax- . experiment the velocity. dependence 

ot the collision yield was measured at a fixed laboratory angle. 

Thus, as the velocity was varied,. . the obServations neoeaaar117 · 

. corresponded to various recoil angles 1n the center ot mass 

$ystem. The observed results. there tore represent a superposition 
\ . 

of' the tmgUla.t• depend~noe and. th~ V$loo1ty dependence ot the 

eoatterins in the CM system. All that can be said at present 

is that these results are compatible ·with the previous data. 
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Appendix. Closed Forma for Special Cases 

Analytic expressions · f'Ol" the rata constants considex.~ed 

in Sections 4 and 5 can be' obtained in some special caoes that 

l'lill .f'reque.ntl~r occur in practice. 

I.r the most probable velocities in the colliding beams 

cliff·er greatly (a1 <<a2, say)., it w:Lll be a good approximat;t.on 

to set the relative velocity equal to the velocity of the 

taste1 .. bGSll~# v ~· v2, particularly t•or the large values ott v ot."' 

1nte:rest in reactive oollisiorw.. In .Eq. (s),. the integration 

over t.he Clist~ibut1on or velocities in the slower beam may the!l 

be. cal"'ri¢ld out separately,. so that 

(Al) 

i'his integral baa the same form as that t'"or a homogeneoua gas .. 

It may be written as a Laplace transform, aa in Eq, (13)., .\!:ith 

. .· 2 
it " a(p), p = 1/a2 ~-

t•(t) es (2n-112a;5)t o(tl/2) 

• ·(A2) 

. 10 
and the tables give 

!-en = (2/~/2)a2o-rz2nr(2~n,z2 ) (A3) 

1n tel.'"ma of the gamma !'unction of Eq. (2'(), For elastic 
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collisions, n • o and z 1\!f o, this yields 

ke • (2/.;./z)a2o-e • v2ae 1 (A4) 

where v2 is tne average velocity in the source. When n = 1, 

the result is also stmple, 
2 2 

k1 = v2a-rz e ... z • (AS) 

Integration of Eq. (A5) by parte gives a recurrence relation 

(AG) 

.from which results tor any value or. n are readily seneJ;"ated. 

The rate constants tor Mbdele A and B have the familiar form 

However, here 

(A7) 

The i'aator t.L/~~ • WM1 ~rises from t11e idealization that only 

the motion of M2 contributes to the relative velocity. Eq. (A3) 

and derived. results are only exact in the limit a1/a2~, but 

remain accurate within 59$ or better up to about a1/a2=o.l- when 

z is greater than unity~ 

PerQendioular C~ll1~1ons 

For beams intersecting at ry • 90° 1 Eq. (12) may be rewritten 

as 

' . 



UCRL-9378' 

. : -

as may be .seen !'rom inspection ot Eq. (11). X>(x) 1s·the di.t'• 
. . 

ferent1al operator, o/ox~ and 

It is co.nvenient to number .the particles eo that a1~ a2• to 

make s a pos1t1ve quantity. Use ot the identity 

D(l/a~)D(l/a~) • ![D2(p) ... D2(q)] 1 

further d1tterent1al operation, and integration overt yiel~ . . 
. (A9) 

where t • v2 • and I 0b:) is the modified Bessel tunot1on. 20 . 

We consider first. the cas& in vlh.1oh the most probable 

veloc.1t1es in the two beams are practically equal, a1 • 012• 

(AlO) 

I:tere q • 0 and I 0(o) a 1, eo that Eq. (AlO) reduces to a: standard 

form~ 10 '!'.he results obtained are 

(All) 

and 

k • v2a F (z) • n r n (Al2) 

Another route to Eq. (All) is to specialize Eqs. (16) and (lS), 

Which gives 



UCRL-9378 

30 

w/2 . 
lee • J Cf'e ( Q )dQ • v 2cr

8 
( 1571'/16) 

0 

Comparing Eqs. (A4) and (All), one sees that aa a~a2 is varied 

trom zero to unity, the collision rate increases by a factor, 

lSn/16• that represents tbe integral over the distribution of 

centroids. Similarly, Eq. (Al2) can be obtained directly-from 

(16) and (22), since a 1s independent or 0 When a1 • a2 and 'Y a . 

90°. Eqs. (All) and (Al2) rema1~ accurate to about 5~ even when 

a1 and c 2 ditter by as Much as 2~. 

When 0 < a1/a2 -< 1., analYtic integration ot Eq. (AlO) is not 

feasible tor the types or reaction cross seotions .included in 

Eq. (20). However,!t a1;a2 is not too close to unity; a goO<!· 

approximation 1s obtained by keeping Just the t1X"st term 1n 

the asymptotic expansion 

I 0(x) "' ex(21tx)-ll2(1 +, (1/Sx)+ ••• ] • 

\<Jith this approXimation.- one £1nde 
-

kn • v2crr~2n[a•r(2-n,z2 ) + Rnr(l•n,z2)J (Al3) 

where 

and r • ·cr.J!a2• Results for the cases with n = 01 1 are 

2 
k 0 • kA • v2~Yre .. z [R' (l+Z2) + R") , (Al4) 

2 2 
v2o-rz2e ... e [R' + R*'e21 r(o,z2)l; (Al5) 
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I . 

( ) ( ) Jm •t -1 r 0:; x · = - E1 -x = e t dt 
X 

is the exwnential integral .. 21 Recurrence re1ationa·aga1n otter 
' I 

a convenient means to extend the results. Using primes to dis-

tinguish the first. and second terw~ of Eq,. (Al3) • . 

k. = k'. + lt" . n · ·-n n ' 

we may write the relaticm.e as: 

(n-l)k* + z~t' a :::
2k' 11+l n l (Al6) 

k n 21 .. n 2. " n n+l + . z n.n = ECI-c0 • 

The relative error due to the neglect of the second and higher 

terms in the asymptotic expansion \>¥ill be less than 

l r 2 

8q(~* )~ = 4:&2(l•r2')" • 

Thus Eq. (A13) reduces to the proper limit, Eq. (A3), a.a ~~ 

but becomes invalid in the limit r-?1 and also for elastic 

collisions., for ~hlich z = o. As. long as the beams have surt1-

c1ently different avGrage velooit1ea~ ho\t~ever,. Eq. (AlS) will 

be a suitable appro~..ima.t1on tor mozat ehem1oal reaction atudie.s: 

for th® K + H::ar reaction under the conditione ot' Table II, the 

* relative error is only about 0 .. 003 at E a 2 .. 5 l~oal/mole. In 

case r. 1s near unity, the appropriate approximation 1a Eq, (Al2). 

For elaat1o collision:3, Eq. (AlO) can be integrated in 

closed form. One ultilnately22 i'inda 
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'flrhere ;t1 (a.1 b;.czx) is the Gauss hypergeomet.ric .f'unction;3 and 

~ = (cy'p)2 = (i-r2}2/(l+r2)2 .. 

The rate of elastic collisions is then given by 

(A17) 

f(t;) = (15/S)F + ~(l5l;•.2)F' + 2~(21/;-ll)F" +. S~2 (t;-:-l)F 1"" 
in. terms of the hypergaometl?iO t'U.nction F = zFl and its first 

three derivatives. It ean. be shown that aa -~and r--1, Eq. 

(Al7} redU.ees to the proper'i.limita, Eqa. (A4) and (All) ... 

respectively. 

' . 
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1. R. D •. Present, l~n~t1c Theor:t: ot' Ga~ (lr!oGraw-Hill Book 

Company, Ino., New Yorlc, 1958) pp. 1371 15SJ see also 

·Reference s .. 
8.. \iall., Hiller, and. Mazur, J. Chent. Phya. 1 2,!. 255 (1958). 

9.. Tables or ~~~ab~l~t;£ Funotione (Nat • 1. Bu.t~au or Standards, 

1941), Vol. I .. 

10. Reference 6, pp. 137 and 387. 

11. A. Erdelyi, et al, :Higher Transoen(~!lJ.ltal Functions, (MoGrsm ... 

Hill Book Compan;y, Ino • ., Nel-J Yorl{, 1955)., Vol. II, p. 133. 

12. A spe~ial ca.ae in which z2 becomes independent of Q occurs 

for perpendicular collie1ons of beama havingtile same aver­

age velocity: a1 = a 2, or Ta/T1 = Mi'M1 ·(see the AppendiX). 
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12 •. (Cont3:.nuad) 

~. ( 9) 1n E<l. ( 22) than beoomoa simply proportional to 

the distt•1but1on for ele.st1o oaattering, regal'dless of 

the velocity dependence or tho reaot1on oross section. 

15. In such casGs one could in principle fit the tunct1on 

G(l/a2) :.tn Eq. (15) t'> exper!tment and then employ an 

1nvereE! L&plaoe transtom to detemj_ne O"(v) via E.q .. (13). 

In practice, however., only a very erude indieatd:on ot 

.,.(v) could he obtained l'llitll"out extremely aooure.te data. ,_, . 

The problem is simi~ t(; that or 1nf'err1ng energy level 

ap.1.c1ngs :f"ront measurements of: ther:m.odynamic f'Unet:tons 

as diGcussed by E •. Blade and G. E. lU.mball, J,. Chem. Phys., 

l.f!s 626 (1950)1 ~nd s. H. Bauer., ~.P~!i.!.~ .§...· 403 (l938)J l• 
1097 (1939) •. 

14.. For further d1seuss1on of the transformation bettfeen 

laboratory and Cl!J scattering ar1glen: :.1eo, for f~xa.mple, 

L. I. Sahit.t•, Qus.~1un !<!eoh&l1ias ,(I•1a0l .. aw-Iiill Book Company, 

loo • ., New York,. 1949}, pp. 96-lOO .. 

15. The Slltbiguities are not entirely removed ~ven When 1t is 

posta1ble to use essentially monoenergetic bea'lW as there 

reraa1n dist:rihut1on.a in the internal energy of reactants 

am.! produat a • 

16. AU~ = 4. 2 ± l.l l:eeal/mole~ from A.~ G. Gaydon, Diseoc1at1on 

[!le:_r.s;j.es (Chapman and Hall, london, 1953) ~ 
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Footnotes (Cont1nued.;..2) 
. ~ ' ' 

17. See W. D. McGrath and R. G. w. Norr1sh, z. ph;yeik Chem. · 
' ,._ 

' .. -:· 

(Frankfurt) .!§., 245 .(l~SS); J •. C. Polyani, J; Chem. PhyB., 

:.§.!, ls·sa (1959}J end· ·F• '!'. Smith.t 1b1d., lS52 (1959). 

18.. The relation' between the ratio 4".,/ae and. the usual steric 

. .f'aotor 1s disoussed il'l Reference 1. In Figs. 3.- 61 and 1 

\tiC hav~ .fOr convenience set O"r == O"e • 1A2; mult1pltoat1on 

of th.e ordinate by the proper value ana the conv$rs1on raotor . ' 

s .. mrs x 10 ... 11 will &ive the rate eonetant :tn unite ot seo·l 

(moles/oo)"'1• 

19. The or:.tginal analysis given in Referenoe l \faa based on 

lltodel r... Thee formulas used were incorrectly derived.,. but 

th1s d1d .not lf)ad to a1g.n1f:l.cant 11umer1cal errors except 1n 

the calculated oeritroid d1$tl. .. lbU.t1ont3 ot F1ge. 10..15, the 

dieouss1(m ·or wh.1oh 1s amended here .. 

20. .Raferenc·e 111 pp. 5, 14, and SG. 

21.. E .. Jalmlce nnd F. Emde, Tal1lea of Funetions (Dov-er PUbli• 

cations, New York~ 1945)., p. 6. 

22. Ref'eronae 6, P. 1966 ant, Reference ll, Vol. I, pp. 1351 

370, 373. 

23.. Re.feronoe 11, V¢1. I. p. 56. 

' \, . 
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Table I. Attenuation tunet1ons. a 

o. oo 1 .. oooo-oo 
0.25 9.9999.;.01 

o.so 9.9945-01 

0.75 9•9255·01 

1.00 9.1833-0l 

1.25 8.7320-01 

1.50 7.2072-01 

/ 1.75 5.252~-01 

2.00 3.5259-01 

2.25. l.SlS0-01 

2.50 8.5270.02 

2.75 3.4450.02 

s. 00 1.191()..02 

3.25 5.,5895 .... 03 

s.so 9.5020-04 

3.75 2.0871-04 

4~00 4.0615-05 

4.25 G.SG60•0G 

4.50 1.0097-0G 

4.75 1.2935-07 

s.oo 1 .. 4445-08 

1.oooo ... oo 

9.8405-01 

9.2421-01 

8.1088-01 

6.5164-01 

4.7155-0l 

3.0407·01 

1.7295-01 

8 .. 6558 ... 02 

s .. 774'1•02 

. 1.4420-02 

4.8121·03 

1.4027-03 

5~5728-04• 

7 .. 9554-05 

1 .. 5494-05 

2.6411-06 

3.9426-07 

5.1568-08 

5.9125 ... 09 

5.9457-10 

o.oooo-oo 
1.7253-05 

1 .. 6308-03 

2.2886-02 

1"1070-01 

5.0075 ... 01 

5.4187-01 

7.0740-0l 

·r. os4s-ol 
5.5601-0l 

S.545S-Ol 

1.8595-01 

6.1211-02 

2.9611-02 

9 .. 2638-0S 

2.46'(9-0S 

$.5478 ... 04 

1.0782 ... 04 

l. 6049 ... 05 

2.8092-06 

3.2648-01 

al~'or definitions• eee Eqs. (25) and. (29) of the text. 
The laet two digits of eaoh number 1n the ta~le are 
the (negative) power ot ten to be attaohed. 
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Table II. Conditions ot a typical experiment: crossed beams 

of' l{(837°K) and HBr(4G0°K) 1nterraecting at y a 90°. 

Elastic collisions Reactive coll1s1onaa 

"l•bst probable" initial eond1t10.n."l 

vlt 5 .. 92 x 104 om/sec 9.22 

VH:Br 

c 

v 

3.10 .• ;5.50 

2.80 s.ae 
6 .. 10 9.S5 

47.6° '37.6° 

27 .. 9° .. 21.1~ 

· Comparison. or possible £'.1nal states 

Qc::O Q, = ·--1 Q • 0 Qa 5 koa1 

2.23 x 104 crn{seo 

4.46 

1.29 

x4 o. 65 

tp~ 50.90 ;:, . 

Eq. (~a) 18·. 57' of' 4n-

~IBrJ 4~ 
-==ru l'al I I lit'~ ; ; i C!' 7 '0 fi l 

0.37 

41 .. 3 

11.3 

0 .. 095 

5.1.~ 

o .. 2Qfo 

L tliOil'Jttl 

0.52 0.69 

50.4 GG.1 

7.4 5.6 

0 .. 062 0.047 

7.6° 10.2° 

0 .. 46% 0.79% 

S~J ~I 
I , I j u: l u · Jtt n 

aT.he re~ative energy is ta1ron as E = 3.0 kaal/mo1e1 for 
which the most probable value of E

0 
1s 2.2 keal/mole. 

itJ 
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Table III, Parameters tor various ~ct1on modela. 

A 

D 

Croes Seat._ion 
Above E,... 

r l ·(-*;··,. \ ] err t. - ·JJ;· tJ. 'I . 

·or (E* /E) 

Gl..(E*/!)10 
~ 1&::eU& 1 n u,a=•. 

E* 
koal/mole 

3.25 t 0"'12 

$.97 t 0.11 
;;• ' l i . ; 

1.34: X 10-2 ± 5% 

2.47. X l()•i! t 5~ 

2,.01 X 10"'"2 ! 5~ 

9.14 X 10~2 f 5% 
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Fig. 2 

Fig.. 3 
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Captions for Figures 

R~:.~lations among initial velocity vectors. 

Attenuation f"unotton.a corresponding to various valliea 

of n. in. Eq. (24)... The insert aho\'Ja the cross seet.1on 

f.'u:n.-Jtions t"or the three l.,eaotion. models discussed 1n the 
. -

teltt. 

Angulard!stribUtion of centroids in elastic scattering., 

for various angles of' inter3ection ot the beams. 

Variation of the aetivatj,Ol'l energy parameter, :z 2, \dth 

centroid angle 9 tott va.r.ious angles ot interseotion of 

the b~. 

Fig. s · .Angular <lapsndeno~ ot the attenuation factor (a) tor 

Fig .• G 

Pig ... 7 

. Model B., t'l11th !* = 3. 0 ltca.l/mole and vario~s angles of 

intersection of the beams; (b) for tvbdel c. tdth 'Y = 90° 

and vari.ous. values ·Of the aetivatiol'\ energy (lteal/mole~. 

Angular distribution ~.f centroids rar reactive aoa.ttering; 
. . 

the conditions as.sumed correspond to thoe~ ot parts· (a) 

am (b) ot: Fig .. s .. 
Dependanoe or ratt9 eonetants for elastic and reactive 

scattering (E* = 3. 0 koal/mole used) on the angle of 

"tnteraection or the beams .. 

Relation between the veloe1ty vector of a pr<)duot moleoul$ 

M3 as observed 1n the laborator-.{ and 1n the oenter-o.f ... 

maea ref'erenoe system (primed)$ as indicated, the possible 

directions of v! generate a eph.ere. 
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Captions t'or.F1g'Ures (Continued) 

Comparison ot oboGI""~TOd KDr d1atr1but1on with oaleulated 

datribut1on of' oentro1ds tor l·tJdel l3.. The ourvea a1--e 

nonnaii~ed to unit area. ~r1mental oo:.'lditior.ta are as 

in Table II, an.d E* (ltcal/mole) iS ta.k .. .,n as a par&"iletat" .. 

\ 
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This report'was prepa~ed as an accourit of Government 
aponsored work. Neithe~ the United States, nor the Com~ 
mission, nor any person acting on ·behalf of the Commission: 

A~ Makes any w~rran~y o~ rep~esentation, expressed or 
implied, with respect to the accuracy, completeness, 
or u~~fuln~ss of the information cont•ined in this 
report, or that the use of any information, appa­
ratu~i method, or process disclosed in thi~ report 
may not infringe .privately owned rights; or 

B. Assumes any liabilities with respett to the use of, 
or for damages resulting from the u~e of ~ny infor~ 
rna tion, apparatus, method, or process disclosed in 
this report. 

As used in the above, "p·erson acting on behalf 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 prepates, dissemiriates, or provides ~ccess 
to, any iriformation. pu~su~nt to his employment or contract 
with the Commission, or his ~mploy~ent with such contractor. 
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