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One of t h e major goals of t h e s tudy of molecular 

c o l l i s i o n phenomena i s t o l e a r n how t o analyze or a n t i c i p a t e 

t h e dynamics of an e lementary r e a c t i o n wi thout engaging in 

e x t e n s i v e n u m e r i c a l c a l c u l a t i o n s . This i s of p a r t i c u l a r 

impor tance i n ion-molecule c h e m i s t r y , where of ten the r e a c t i o n 

dynamics a r e a f f e c t e d by more t h a n one p o t e n t i a l energy s u r f a c e -

The a c c u r a t e c a l c u l a t i o n of t h e s e s u r f a c e s , and t h e i r use t o 

i n v e s t i g a t e t h e exac t c l a s s i c a l c o l l i s i o n dynamics, whi l e 

h i g h l y e d i f y i n g , can be q u i t e e x p e n s i v e and time consuming. 

I t i s of i n t e r e s t , t h e r e f o r e , t o e x p l o r e the e f f i c a c y w i th 

which s i m p l e models for the r e a c t i o n process can be used t o 

u n d e r s t a n d and p r e d i c t the energy and angu la r d i s t r i b u t i o n s 

of p r o d u c t s , i s o t o p e e f f e c t s , and t o t a l r e a c t i o n c r o s s 

s e c t i o n s . 

I t h a s proved convenient t o d e s c r i b e the dynamic mechanism 

of an e l emen ta ry b i n o l e c u l a r chemical r e a c t i o n as i n v o l v i n g 

e i t h e r a s h o r t - l i v e d , d i r e c t i n t e r a c t i o n of c o l l i s i o n p a r t n e r s , 

or a l o « g - l i v e d c o l l i s i o n complex. In the former c a s e , t h e 

c o l l i s i o n p a r t n e r s are c lo se ( w i t h i n approximately an 

e q u i l i b r i u m bond d i s t ance ) for a t ime comparable to a 

v i b r a t i o n a l p e r i o d , but l e s s than a f u l l r o t a t i o n a l p e r i o d : 

In t h e l a t t e r c a s e , the p a r t n e r s a r e c l o s e and s t r o n 
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interacting for several rotat ional periods. The dividing 

l ine between the two class i f icat ions can be ha:y, and it is 

also unrea l i s t ic to believe that a reaction can proceed 

exclusively via a long-lived coll ision complex. Examples of 

ion-molecule reactions which fal l in each extreme c lass i f i 

cation are HOW known (for reviews and references to t'>ie 
original l i t e r a t u r e , see Dubrin and Henchman, 1972 and Mahan, 

1974). Examples of intermediate behavior have also appeared 

(Chiang, Gislason, Mahan, and Werner, 1971, and Mahan and 

Sloane, 1975). 

For reactions which proceed through a long-lived coll is ion 

complex, the in terac t ion between a l l atoms may be strong 

enough so that the accessible phase space of the complex is 

explored fairly uniformly. In these cases, we can hope that 

the s t a t i s t i c a l or phase space theories of chemical reaction 

can reproduce and predict such things as the re la t ive yields 

of products, isotope effects , and energy par t i t ion ing . The 

effectiveness of the present farms of s t a t i s t i c a l theory is 

s t i l l an open quest ion, however. 

For reactinns which proceed by a d i rec t interaction 

mechanism, there is also a relat ively simple model available: 

the c lass ical t ra jectory calculation with Monte Carlo 

sampling of a properly weighted set of i n i t i a l conditions. 

As mentioned above, th is approach can be expensive, and can 

produce more information than can be readily assimilated. 

In this paper we sha l l use a simple sequential impulse model 

to analyze the dynamics of direct ion-molecule reactions. 



The experimental studies which have prompted this analysis 

have been largely concerned with exoergic or theraoneutral 

hydrogen atom transfer reactions. To i l l u s t r a t e the nature 

of these findings we shall summarize some of the recent 

results obtained for the 0 (It .,,10 011 reaction (Uillen, 

Mahan, and Winn, 1973 abc). 

Direct Hydrogen Atom Transfer Processes 

Fipure 1 shows the velocity vector dis t r ibut ion of OH 
from the 0 (H2,H)OH reaction as measured in ion beam 
scat ter ing experiments. This d i s t r ibu t ion has features which 
are quite charac te r i s t i c of the resu l t s obtained for a number 
of exoergic hydrogen atom transfer react ions . The resul ts 
are displayed by plot t ing contours of constant intensity in 
a polar coordinate system which has an origin which moves at 
the velocity of the center-of-mass of the collision par tners . 
Thus the radia l coordinate gives the speed of OH re la t ive 
to the centroid of the 0 -H, system. Small values of the 
radial coordinate correspond to small values of the final 
re la t ive t r ans la t iona l energy of the products, and therefore, 
by energy conservation, to large product internal exci ta t ion. 
The large labeled circles give the locations of two values 
of Q, the t rans la t iona l exoergicity. By energy conservation, 
Q can be wri t ten as 

Q = »-'t | 'J 2 - HEl = - i E ° - u U) 

Here u is the reduced mass and g is the relat ive speed of 
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the products (primed) and reactants (unprimed) , AE° is the 
internal energy change for the reaction, and U is the 
internal excitation energy of the products. 

For reactions in which the products are an atom and a 
molecule in their ground electronic states, Q is bounded by 
the situations in which U is zero or to D, the dissociation 
energy of the molecule: 

-AE°-D < Q < -AE°. (2) 

The lower l imit can be violated (apparently) i f e i ther product 

i s in an excited e lec t ronic s t a t e , and the simplest way to 

take this into account is to recognize tha t for such processes, 

&E® has a di f ferent value (Gillen, Mahan, and Winn, 1973a). 

For the 0+(H 2,H)OH+ reaction, 

-4.5 <. Q <, +0.43 eV, 

and the Q c i r c l e s in Fig. 1 correspond closely to these 
l imi ts . In e f fec t , these circles define a "s tab i l i ty zone" 
for OH in i t s ground electronic s t a t e . 

The angular coordinate 9 in Fig. 1 measures the direction 
of the OH product re la t ive to the direct ion of the 0 
pro jec t i l e . Thus for a direct interact ion process, i t is a 
qual i ta t ive (and eventually quanti tat ive) representation of 
the force exerted between coll is ion par tners . Product OH 
found in the small angle (6 < 45°) region in Fig. 1 was 
formed in a way such that the net integrated force between 
products was small during the co l l i s ion . By analogy with 
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e las t ic sca t te r ing of s tructureless p a r t i c l e s , th is implies 

formation of the products in the small angle region is by 

grazing c o l l i s i o n s . In a similar manner, we conclude that 

in the formation of products at large scat ter ing angles, 

large forces are involved, and these are associated with nearly 

head-on col l i s ions between reac tants . By using the impulse 

model of d i rec t react ions, we hopr.- to delineate what is meant 

by grazing and head-on coll is ions more c lear ly . 

Figure 1 shows that there is a strong maximum in the 

intensi ty of OH at the spectator s tr ipping velocity: a 

sca t ter ing angle of zero degrees and a spet ' re lat ive to the 

centroid consistent with the general expression 

u - % ^ iv& l 3> 

which applies to the reaction A(BC,C)AB. In Eq. (5) the 
l e t t e r s represent the masses of the atoms, and u and u 
are respectively the product and p ro jec t i l e speeds re la t ive 
to the centroid. Appearance of OH at the spectator 
stripping velocity implies that the reaction occurred witji 
no net integrated force on the freed hydrogen atom, With one 
exception, a l l exoergic hydrogen t ransfer reactions so far 
investigated have displayed a very prominent intensity maximum 
at or very near the spectator s t r ipping velocity. The 
exception is apparently the ground s t a t e reaction Kr (II,,,H)Krlf , 
which may also be unique in having a potential energy ba r r i e r 
between reactants and products (Henglein, 1972). Unfortunately, 
the s t r ipping peak is frequently so prominent that react ions 
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have often been ra ther carelessly described as "stripping 

processes", and the large angle sca t te r ing ignored or dismissed 

as unimportant. Without question, the idea that atom B can 

be transferred to A with no force being exerted en C is quite 

remarkable. I t i s therefore of considerable interest to 

determine in de ta i l how this can occur, and how important i t 

i s to the overal l chemical reaction cross section. 

The experimental determinations of the final re la t ive 

energy d i s t r ibu t ions of reaction products have been somewhat 

limited by the low velocity resolution employed so far . 

However, in most of the cases invest igated, i t is qual i ta t ively 

clear that in the intermediate to high range of i n i t i a l 

re la t ive energies (>3 eV) , the products in the small angle 

region are somewhat more excited in te rna l ly than the products 

scattered through large angles. In th i s energy regise, much 

or most of the in te rna l excitation of the products i s supplied 

by the i n i t i a l t rans la t iona l energy of the reactants . In the 

nearly head-on col l i s ions which lead to large angle sca t te r ing , 

the large forces that occur provide the mechanism for disposing 

of some of t h i s incipient product exci tat ion as re la t ive 

t ransla t ional energy. There is less poss ib i l i ty for this 

disposal in the grazing collisions which produce the very 

small angle s ca t t e r ing . A more quant i ta t ive expression of 

these ideas i s possible in terms of the sequential impulse 

model, as we sha l l see. 

In the regime of high i n i t i a l t rans la t ional energy, the 

to ta l reaction cross section is greatly influenced by the 
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problem of s t ab i l i z ing the product molecule against d issoc ia t ion . 

This can be i l l u s t r a t e d most clearly for the product formed at 

the spectator s t r ipping velocity. The Q-value for th is product 

is 

«ss • - 3OT [ 4 ) 

where E is the laboratory energy of the project i le Ion A. 

If E is made large enough, Q wi l l become more negative 

than the lower l imit given by Eq. ( 2 ) , and the molecular 

product in i t s ground electronic s t a t e wil l be unstable. In 

the early work which demonstrated the importance of spectator 

str ipping in the reactions of Ar t N, , and CO with It,, 

i t was ant ic ipated (Henglein, 1966) that the intensity peak 

at small angles would be lost en t i re ly when E reached the 

c r i t i c a l value 

at which the internal energy of the stripped molecular product 
exceeds i t s dissociation energy. However, it w,i> observed 
that for these systems, the forward scattered pe3k is not los t 
at high i n i t i a l relat ive energies, but instead decreases in 
intensi ty and moves to speeds greater than the spectator 
str ipping value. That i s , some of the forward scattered 
molecules are s tabi l i sed by recoi l which can evidently occur 
in grazing col l i s ion in these systems. 

One react ion has been found that displays the loss of 

forward scat tered products at i n i t i a l energies above the 

c r i t i c a l value for spectator s t r ipping . Figure 2 shows the 
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velocity vector d i s t r ibu t ion ot OH from the 0 (H2,H)OH 

reaction at an i n i t i a l re la t ive energy of 11.1 eV. At this 

energy, the spectator str ipping velocity (indicated by a small 

cross) l ies in the zone where OH in i t s electronic ground 

s t a t e is unstable. Indeed, the intensi ty peak so evident at 

lower i n i t i a l r e l a t i v e energies (cf. Fig. 1) has been los t . 

Thus, the potent ia l energy surface for the 0 (H-jH)OH 

reaction lacks the features which allow s t ab i l i za t ion by 

product recoi l in the small angle region. I t would be 

valuable to know what these c r i t i c a l features a re , and in 

addition, to be able to understand the occurrence of the 

intensity peaks located at approximately 45° in Fig. 2. 

We shall find that the sequential impulse model illuminates 

this problem considerably. 

The Sequential Impulse Model 

A number of simple models for the atom transfer process 

have been proposed, and at least pa r t i a l ly tested against 

molecular beam sca t te r ing data (Bates, Cook, and Smith, 1964; 

Light and Horrocks, 1964; Suplinskas, 1968; Kuntz, 19 70; 

Chang *nd Light, 1970; Hier l , Herman, and Wolfgang, 1970; 

George and Suplinskas, 1971; Grice and Hardin. 1971; Marron, 

1973). Even allowing for the necessity of using extremely 

simple approximations to potential energy surfaces and 

mechanical behavior, most of these models are lacking in 

generality or r igor , and some have not been part icularly 

illuminating. The sequential irapulse model proposed by Bates, 
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Cook, and Smith (1964) is conceptually simple, and has the 
capacity for considerable refinement. In brief, the reaction 
A(BC,C)AB is viewed as an event in which A hits B 
impulsively and elastically, B then hits C in a like 
manner, and A then combines with B if their energy of 
relative motion is less than the dissociation energy of the 
product molecule. Suplinskas (1968) and George and Suplinskas 
(1971) have elaborated the model, and have shown that it can 
reproduce the major features of the Ar -D ? reactive 
scattering. Gillen, Mali an, and Winn (1973c) found that a 
version of the model in which the atoms interact via hard 
sphere potentials is consistent with the distributions of the 
products of the reaction of 0 with D 2 and HD in the 
regime of high relative energies. These two sets of appli
cations involved calculation of the final product velocities 
from sampled initial conditions using large digital computers. 
However, to better discern and analyze the nature of the 
collisions which give products at various scattering angles 
and speeds, it would be valuable if the product distributions 
could be expressed analytically and evaluated with a small 
calculator. This proves to be possible, and the results will 
be repiiUd in detail elsewhere. In what follows we shall 
demonstrate that a number of conclusions can be drawn from 
the model merely by using velocity vector diagrams. 

First, let us review some fundamental features of elastic 
collisions which are essential to the development and under
standing of the sequential impulse model. Consider atom A 
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which is i n i t i a l l y stationary in the laboratory. The i n i t i a l 

re la t ive velocity g is equal to V., and the velocity of the 

center-of-inass of the A-B system is V. A/(A-*-B). Regardless 

of the nature of the two body co l l i s ion , the center-of-mass 

velocity is unchanged. Since the co l l i s ion is assumed to be 

e l a s t i c , the f inal and i n i t i a l re la t ive velocity vectors have 

the same magnitude, but different d i rec t ion . The final r e l a t ive 

velocity vector i s obtained by rotat ing the i n i t i a l vector 

about the fixed center-of-mass veloci ty. The resu l t , as is 

•shown in Fig. 3, i s that the final laboratory velocity V, 

of par t ic le A i s a vector which terminates on a sphere of 

radius V. B/(A+B) centered at the centroid velocity. 

Similarly, V-, the f inal laboratory veloci ty of B, l ies on 

a concentric sphere of radius AT. A/(A+B) . 

The sca t t e r ing angle Xii measured in the center-of-mass 

system of A and B, is also shown in Fig. 3. From the geometry, 
i 

i t is clear that the bisector of V_ passes through the 

centroid ve loc i ty , and bisects the angle x-i - As a r e su l t , 
we can write 

V 2 = 2 

for the .nagnitude of \'. This re la t ion and the construction 

used tc find i t wi l l be part icularly useful l a t e r . 

The vector relat ions jus t discussed give the possible 

values of the p a r t i c l e velocit ies after an e las t i c col l i s ion . 

The d is t r ibut ion of intensity is also important, and is expressed 
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most compactly by the classical d i f fe ren t ia l scattering cross 

section Ifx) i where for a monotonic potent ial 

smxlgfl 

Here b is the aiming error or impact parameter. To evaluate 

I (x ) , the re la t ion between b and x must be found from the 

intennolecular potential function. For hard spheres, the 

result i s par t icu la r ly simple: 

where d is the mutual co l l i s ion diameter. Thus for th is 

model, the scat tered intensity is independent of x- F ° r 

more r e a l i s t i c po ten t ia l s , I(x) i s large at small a n g l e 

and drops rapidly as x increases. In the range of angles 

from 60-180° f I(x) decreases ra ther slowly, and in the large 

angle region, i s pret ty well represented by a constant term 

charac te r i s t i c of hard sphere sca t t e r ing . The hard sphere 

d i f fe ren t ia l cross sect ion is therefore a good f i r s t approxi-

matioi to the intensity d i s t r ibu t ion , part icularly for high 

energies and large scattering angles. 

There is another feature of high energy col l is ions that 

is of importance. Such col l is ions, par t icular ly those that 

produce large angle scat ter ing, are impulsive. That i s , the 

time during which a large rorce is exerted between a pair of 

atoms is small compared to the natural frequencies for nuclear 

motion in molecules. For example, i f atoms repell each other 

according to the potential 
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• - * 0 * - r / L , 

where L is a range parameter, then the force is greater than 
10^ of i t s maximum value for a period of 3T , where T is a 
charac te r i s t ic col l i s ion time defined by 

T - 2L/g. 

During this time, the r e l a t i v e velocity changes from approxi

mately 90% of i t s i n i t i a l value to 90% of i t s f ina l value. 

For typical values of L and energies in the electron-volt 

range, T is of the order of 2 x 10 sec. This is shorter 

than the vibrational per iod, and much shorter Chan the rotational 

period of H_. Thus for the case of a high energy atom A 

h i t t i n g a diatomic molecule BC, i t often may be qui te 

reasonable to describe the process as an e l a s t i c col l i s ion 

between A and B, followed by an independent e l a s t i c coll is ion 

between B and C. The i n i t i a l condition for the second 

condition i s , of course, the final s ta te of the f i r s t col l i s ion. 

The primary object of a model for the reaction process 

is to calculate the in tens i ty of scattered product AB as a 

function of the scat ter ing angle 9 and speed re la t ive to 

the center-of-mass of the ABC system. Evaluating the 

intensity as a function of V,, the final velocity in the 

laboratory system of the free atom C, is completely equivalent 

to t h i s , since bv momentum conservation, each value of V-

corresponds to a def in i te value of 9 and the final relat ive 

speed. Finding the magnitude of V, is a simple matter if 

one knows Xi a n £ * X7> the scattering angles for the A-B and 
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B-C col l is ions in the i r individual center-of-mass coordinate 

systems. As indicated above, the magnitude of the laboratory 

velocity of atom B after the A-B col l i s ion is 

v z " 2 A£B s i " ^ • 

Now we simply regard V 7 as the initial velocity for the B-C 
collision, and apply the analogous formula to get 

v 3 = 4 C3OT ) C5?u ) s i n C - r ) s i n ^ - w 

Having found the laboratory veloci ty of atom C af ter 

a pa r t i cu la r sequence of impulses, we must ask whether or not 

this cons t i tu tes a reactive co l l i s ion . Our cr i ter ion for 

reaction is the simplest possible: the value of V_ must 

l i e in the s t a b i l i t y zone which corresponds to the internal 

energy of AB being less than i t s dissociation energy. This 

is an important approximation, since i t allows us to disregard 

deta i ls of the t ra jector ies such as the possibi l i ty of 

additional col l i s ions between C and B or A. However, i t is 

probably a good approximation, since for high energy c o l l i s i o n s , 

the s ize of the cross section is governed largely by product 

s t a b i l i t y considerations. Moreover, hard sphere t ra jectory 

calculations (Gil3en, Mahan, and Winn, 1975b) have demonstrated 

the re la t ive unimportance of addit ional impulses and other 

detai ls of the t r a j ec to r i es , and also the effectiveness of 

th is reaction cr i ter ion in reproducing experimental data. 

However, the approximation does r e s t r i c t application of the 

model to reactions where the potent ia l energy surface has very 
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simple proper t ies : thermoneutral or nearly so , and no 

substantial wells or ba r r i e r s . 

Equation (9) suggests that a variety of impulse sequences 

can contribute to the product intensity at V,. The angle x* 

may be large or small , as long as x-» has the appropriate 

small or large value consistent with the selected value of V_. 

However, there are l imits to the range of \-i and x? values 

that can be involved, and these l imits are connected with the 

direction of V_, a property which we have net yet used-

To see how th i s l imitat ion comes about, consider Fig. 4. 

Here we t r ea t only those values of V_ which l i e in the plane 

defined by the vectors V, and V,. As indicated ea r l i e r , the 

possible values of V, l i e on a c i r c l e of radius V. A/(A+B) 

centered on V a t th i s distance from the origin of the 

laboratory coordinate system. The locus of a l l B-C center-

of-mass ve loc i t i es in th i s plane plays a very important role . 

I t can be found by multiplying a l l possible V? vectors by 

the factor B/(B+C), and plot t ing the poin ts . The result is 

a c i rc le of radius 

a distance R fr 
Let us ca l l th i s the centroid c i r c l e . 

Now consider an arbitrary centroid velocity for the B-C 

system jus t before (and after] the i r co l l i s ion . These centroids 

raus- be on the centroid c i r c l e , and must also l ie on the 

perpendicular b isec tor of V,. As Fig. 4 shows, there are jus t 
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'two centroids which satisfy both thesr conditions for any given 

V, vector. One of these corresponds to a large x? (and 

small Xi) » t f t e other to the values of Xi and x? being in t e r 

changed. These two angles are the extreme values of Xi and 

X2 that are consis tent with a selected V_. 

The origin of the intermediate values of Xi a n d Xi 

becomes obvious i f we recognize that V2 need not l i e in the 

plane of V. and V,. Thus the centroid c i rc le is real ly part 

of a centroid sphere of radius R, and the perpendicular 

bisector of V, is a plane. The in tersect ion of this bisect ing 

plane with the centroid sphere is a c i r c l e - the "magic c i r c l e " -

perpendicular to the V-\~V% plane. As one moves along the 

magic circle„ a l l the Xi'X? pairs that can contribute to 

scat ter ing at V, are encountered. Thus the product in tens i ty 
n 

at V, can be found by sunning the properly weighted con t r i 
butions of a l l allowed Xi'X? sca t te r ing pa i r s . 

For the present purposes, the de ta i l s of this weighted 
summation are not needed, but i t is useful to note that the 
dis t r ibut ion over the various Xi"X7 pairs is nearly uniform. 
The departure from uniformity comes about because the angle 
a between V_ and the BC internuclear axis is d is t r ibuted 
with a weighting factor of s ina. Consequently, the BC axis 
is more l ike ly to l i e perpendicular to V_ than pa ra l l e l . 
As a r e s u l t , impact parameters for the B-C col l is ion have 
a re la t ive ly high probability of being near their maximum 
allowed value of r , the BC equilibrium bond distance, o 
Thus smaller values of \ 7 are more probable than larger 
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values, in contrast to the usual s i tuat ion for hard sphere 

scat ter ing. However, while this can affect the detai ls of 

the product velocity d is t r ibut ion , i t is not important in 

determining the gross features of the d is t r ibu t ions with 

which we are concerned here. 

A number of qua l i t a t ive conclusions can be drawn direct ly 

from Fig, 4. F i r s t , there will be certain V- vectors for 

which the perpendicular bisector does not in te rsec t the 

centroid sphere. Even though these values of V, might be 

consistent with the t o t a l energy and momentum conservation 

laws, they can not be produced by a sequence of two e las t i c 

impulses. For example, events in which V- is directed at 

180° in the laboratory coordinate system can not occur. 

Thus, there can be no backward recoil of pa r t i c l e C, and no 

corresponding forward recoi l of the AB product. 

A l i t t l e re f lec t ion shows that this forward recoil could 

occur if, jus t before the A-B impulse, the vector V_ were 

increased in magnitude with the center-of-mass velocity held 

fixed. This could occur in a real system if there were an 

a t t rac t ive potent ia l between reactants , and th is is in fact 

the mechanism for forward product recoil proposed in the so-

called modified s t r ipping model (Herman, Kers te t ter , Rose, 

and Wolfgang, 1967). In addition, one can see that forward 

recoil could occur if, jus t prior to the B-C col l i s ion, the 

vector V7 were increased in length, so that this col l is ion 

would appear to be super-e las t ic . This could come about if 

there were a repulsive energy release between B and C as 

the products separate . This is the basic idea involved in 
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the so-called d i rec t interaction with product repulsion 1DIPR) 

model for react ion dynamics (Kuntz, 1970; Marron, 1973). The 

sequential impulse model thus c l a r i f i e s the validity of e i ther 

reactant a t t r ac t ion or product repulsion as sources of forward 

reco i l . 

I t is evident that V, vectors directed at angles other 

than 180° are accessible only if the magnitude of V, is 

small enough so that there is an in tersec t ion of the bisect ing 

plane and the centroid sphere. The condition for such an 

intersect ion can be found readily from the analytic geometry 

on a curve given by 

CV,) 3 •'max 
"2R" COSE + 1 ( 1 1 ) 

where e i s the angle between V, and V.. Equation (11) 
represents a cardioid which has a cusp at the origin of the 
laboratory velocity coordinate system. There is a corres
ponding cardioid which gives the maximum values of the 
velocity of the AB product in ';he center-of-mass system, 
and this is i l l u s t r a t ed in Fig. 5. The minimum values of the 
AB product velocity are jus t those given by the requirement 
that the exci ta t ion energy of the product AB must be less 
than i t s dissociat ion energy. Thus the zone in velocity 
space that i s allowed is bounded from the inside by the 
s t ab i l i t y c i r c l e , and from the outside by the limiting cardioid. 

The s ize of the limiting cardioid is proportional to R, 
and thus scales with V. . However, the size of the stability 
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circle is determined by the magnitude of Q . . a fixed number 
independent of V. . Thus the sire of the kinematically 
allowed zone can be represented as a function of initial 
relative energy by one cardioid, if the units of the diagram 
are changed as the energy changes. However, in this case 
there is a different sized stability circle for each initial 
relative energy, as indicated in Fig. 5. As the initial 
relative energy increases, the diameter of the stability 
circle increases, and eventually it intersects the limiting 
cardioid at the cusp. This corresponds to reaching the 
critical projectile energy above which products formed by 
spectator stripping are unstable. As the initial relative 
energy is increased still further, increasing amounts of the 
accessible sraall angle scattering region pass into the unstable 
zone, and the outline of the product distribution assumes a 
crescent-like shape. The experimentally observed distributions 
for the 0 -H 7 and 0 -D, reactions have just this shape 
when the initial relative energy is in the 11-30 eV range. 
Moreover, the observed decrease of the total reaction cross 
section with increasing energy can be in large measure attri
buted to the concomitant diminution of the size of the product 
stability zone. 

The considerations just outlined provide an explanation 
of why the spectator stripping peak and all small angle 
scattering is lost at high energy in the 0 (H-,H)011 reaction, 
but is stabilized by forward recoil in the reactions of *V, , 
CO , and Ar" with H-, and D2. In the 0 -H 7 case, the reaction 
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is only s l i gh t ly exoergic (AH = -0.43 eV) and there is no 

obvious mechanism for producing large amo i t s of forward 

reco i l . In contras t , the reactions of N- , CO , and Ar are 

notably more exoergic (AH = -1.4 eV") . If a l l of th is exoergicity 

were to be released as product repulsion i i some of the grazing 

co l l i s ions , forward recoil and product s tabi l iza t ion could 

occur, as i s observed. 

Having delineated the general l imits and energy dependence 

of the product velocity vector d i s t r ibu t ion predicted by the 

sequential impulse model, we can now turn to some of the 

de ta i l s of the intensi ty var ia t ions . From Fig. 4 i t is evident 

that V, vectors of small magnitude directed approximately 

perpendicular to V± wi l l have b isec t ing planes which in te r sec t 

the centroid sphere to generate magic c i rc les of large r a d i i . 

There i s , therefore , a re la t ively large range of X-.-X? pairs 

which can produce these events. The intensity in the small 

angle sca t t e r ing region will thus be large if the i n i t i a l 

re la t ive energy is low enough to place the small angle sca t te r ing 

region in the s t a b i l i t y zone. As V_ increases in magnitude, 

the s ize of the magic circle decreases, and the product 

intensi ty goes down. 

In order to see this effect develop systematically, in. 

Fig. 6 we have plotted the Xi"X? pairs that produce sca t t e r ing 

at various fixed values of the product scattering angle B-

The calculat ions apply to the 0 +(D 2,D)0D reaction at an 

i n i t i a l r e l a t ive energy of 20 eV, a s i tuat ion in which the 

very small angle scattering does not l i e in a stable region 



of velocity space. The solid lines refer to products formed 

with the minimum allowed Q value of -5 eV (the correct 

value, i f the exoergicity is ignored), while the dotted lines 

correspond to a Q value of -1 eV. 

Figure 6 exposes the reason for the intensi ty maximum 

observed experimentally near 45° < 6 < 60°. For this region, 

the range of Xi'X? pairs that can produce stable products 

reaches a maximum. At smaller values of 9, the range of 

allowed Xi'X? P&i*s drops abruptly, and the observed product 

intensity does a l so . At values of 8 greater than 90°, 

the allowed range of X-i'X? pairs again diminishes, and the 

expected and observed product i n t ens i t i e s diminish. 

Notice that the values of Xi and x? which produce 

large values of e are themselves l a rge . This is consistent 

with the idea that backscattered products do come from nearly 

head-on c o l l i s i o n s . In order to have both Xi and x? large , 

A must h i t B nearly head-on, and B must h i t C in a 

like manner. This implies a nearly col l inear ABC conformation 

at th"* beginning of the col l is ion. Similar ly, we can see 

that the values of Xi and X7 which contribute to small 

values of e are of modest magnitude (-35-90°). Thus i t is 

moderately accurate to associate the region of small 8 with 

"grazing" c o l l i s i o n s , although in some of the events that 

contribute, subs tant ia l deflections of A by B or of B 

by C do occur. It is probably bet ter to think of 8 < 15° 

as the grazing co l l i s ion region. 

Figure S also shows that the range of Xi~X2 pairs that 

can produce sca t te r ing at Q = -1 eV is smaller at any value 
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of 0 than the corresponding range for Q = -5 eV. Moreover, 

the Xi"X2 pa i r s for a given value of 6 l i e at s l igh t ly 

larger values for Q = -1 eV than for Q = -5 eV. Thus, 

principally because of a smaller allowed range of Xi'X? p a i r s , 

the in tens i ty of the lesser in ternal ly excited products wil l 

be less than that of the more excited products. In other 

words, there is an in t r ins ic tendency for the internal energy 

d is t r ibut ion of the products to be inverted. 

So far we have discussed the detai led events in which A 

h i t s " , and B has a hard sphere col l i s ion with C. In 

order for such events to occur, the angle a between V' 

and the BC internuclear axis must be less than TT/2. For 

a > TT/2, there wi l l be no B-C c o l l i s i o n , and thus no force 

on C. If the AB product of these events is s table , i t has 

the veloci ty calculated from the spectator stripping model. 

Thus, i f A, B, and C are t reated as hard spheres, spectator 

s tr ipping comes largely from events in which A s t r ikes and 

combines with the second atom i t sees as i t approaches BC. 

Stripping processes are also possible for values of a 

somewhat smaller than TT/2 if the mutual hard sphere diameter 

of the B-C pa i r is less than the impact parameter of the 

second co l l i s ion . In the limit of vanishing hard sphere 

diameter for B and C, a l l col l i s ions wil l be spectator s t r ipp ing 

processes-

These considerations help to make clear why spectator 

s tr ipping is so prominent in the product velocity vector 

d is t r ibut ions of ion-molecule react ions . If the potent ia l 
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energy surfaces for these reactions have only a weak dependence 

on the ABC angle, then t ra jector ies are possible in which the 

project i le A s t r ikes and combines with the second atom without 

exerting force on the free or spectator atom. Moreover, if 

there are strong a t t r a c t i v e forces between A and B, but not 

between B and C, there will be t ra jec tor ies of the stripping 

type even when a is significantly less than TT/2. Note 

that if spectator s t r ipping is described as involving grazing 

co l l i s ions , i t is the B-C interact ion, and not necessarily the 

A-B col l is ion which is of the grazing type. 

Spectator s t r ipp ing resembles both the rainbow and glory 

effects in atomic e l a s t i c scattering (Bernstein, 1966). Like 

rainbow sca t t e r ing , i t appears that there i s in the reactive 

s i tuat ion a range of i n i t i a l conditions ( in th i s case, the 

angle a) which gives product scat tered at or very near to 

one point in velocity space. The fact that th is point is at 

a scattering angle of zero degrees is also s igni f icant , since 

just as in glory sca t t e r ing , there is an integrat ion over a l l 

values of the azimuthal angle which is performed by the detector 

only when a equals zero degrees. These two factors and the 

relat ively low apparatus resolution employed so far combine 

to give spectator s t r ipping a fame which i t perhaps does not 

fully deserve. After considering r e a l i s t i c pot tn t ia l energy 

surfaces, i t is very d i f f icul t to accept the fact that B and 

C can separate with a truly zero force between them. In the 

future, when product distr ibutions are examined with high 

resolution, some or a l l of the spectator peaks may be found 

not at e = 0° , but at snail but f in i te scat ter ing angles. 
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Even now i t should be realized that to go from the intensity 

contour maps of Figs. 1 and 2 to actual t o t a l reaction cross 

sect ions , one roust apply a weighting factor of sinfl, and 

then integrate the intensi ty over angle and speed. Thus, 

product at 6 = 0 ° is given zero weight, and that near 

8 = 90° contributes most heavily to the t o t a l reaction cross 

section. In other words, most of the chemistry is done by 

the type of events described at leas t approximately by the 

sequential impulse model. 
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FIGURE CAPTIONS 

Figure 1. \ contour map of the s p e c i f i c i n t e n s i t y of 011 

formed by the 0 (H- fH)0H r e a c t i o n at an i n i t i a l 

r e l a t i v e energy of 5.56 eV. The r a d i a l c o o r d i n a t e 

i s the speed of OH r e l a t i v e t o t h e c e n t e r - o f -

mass of t h e e n t i r e system. The a n g u l a r co

o r d i n a t e measures t h e d e f l e c t i o n in t h e c e n t e r -

of-mass s y s t e m , of the OH from the o r i g i n a l 

d i r e c t ion of t h e 0 p r o j e c t i l e . The s p e c t a t o r 

s t r i p p i n g v e l o c i t y i s i n d i c a t e d by a sma l l c r o s s . 

F igure 2. A contour map of t h e s p e c i f i c i n t e n s i t y of OH 

formed from c o l l i s i o n s a t 11.1 eV i n i t i a l r e l a t i v e 

energy . Note t h e absence of an i n t e n s i t y peak at 

0° and the appearance of peaks a t +60° . The 

s p e c t a t o r s t r i p p i n g v e l o c i t y , marked by a small 

c r o s s , l i e s i n s i d e the Q = - 4 . 5 eV c i r c l e , where 

0(( in i t s ground s t a t e i s u n s t a b l e . 

F igure 3 . A v e l o c i t y v e c t o r diagram for t h e e l a s t i c c o l l i s i o n 

of atom A wi th atom B. The c i r c l e s marked V. and 

\'T a r e , r e s p e c t i v e l y , the loc i of a l l p a s s i b l e 

f i na l l a b o r a t o r y v e l o c i t y v e c t o r s f o r atoms A and 

B. The s c a t t e r i n g angle in the c e n t e r - o f - m a s s 

system i s d e s i g n a t e d by x- Note t h a t the perpen

d i c u l a r b i s e c t o r of any X-, v e c t o r b i s e c t s x and 

passes t i i rough the A-B c e n t r o i d v e l o c i t y . 
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Figure A. A v e l o c i t y v e c t o r diagram fo r the s e q u e n t i a l 

impulse model in the p l a n e of the i n i t i a l p r o j e c t i l e 

v e l o c i t y V,, and the f i n a l v e l o c i t y of atom C, V". 

The l a r g e Q c i r c l e s i n d i c a t e a p a r t of the 

s t a b i l i t y zone for t h e r e a c t i o n : the v e l o c i t y 

of atom C must l i e in t h i s zone i f AB i s t o be 

s t a b l e t o d i s s o c i a t i o n . 

Figure 5 . The c a r d i o i d which g ives the maximum v e l o c i t i e s 

of OP from the 0 (D,,D)OD* reac t ion accord ing t o 

t h e s e q u e n t i a l impulse model . The maximum 

v e l o c i t y of OD a c c o r d i n g t o o v e r a l l energy 

c o n s e r v a t i o n i s t h e Q = 0 circle. The t h r e e 

s m a l l e r c i r c l e s g ive t h e minimum v e l o c i t y of OD 

c o n s i s t e n t wi th p r o d u c t s t a b i l i t y ( i . e . , t he 

Q = -5 eV l i m i t ) f o r t h e t h r e e values of the 

i n i t i a l r e l a t i v e energy i n d i c a t e d . 

Figure 6 . The XI"XT p a i r s t h a t c o n t r i b u t e t o the i n t e n s i t y 

a t va r ious values of t h e product s c a t t e r i n g ang le 

e for the r e a c t i o n 0+(l>., ,D)Ou+ at 20 eV i n i t i a l 

r e l a t i v e energy . The s o l i d l i n e s p e r t a i n t o 

p roduc t a t Q = -5 eV, t h e dashed l i n e s t o p r o d u c t 

a t Q = -1 eV. 
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