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Abstract 

We ,report velocity vector distributions for the 

reactive and nonreactive scattering of 0+ by H2, D2, and HD 

in the relative energy range 13 - 50 eV. Essentially no 

ver~ small angle reactive scattering is observed for any 

of these systems. In the lower and intermediate parts of 

the energy range, the product of the 0+(D2,D)OD+ reaction 

reaches a maximum intensity near 50°, and decreases somclrlhat 

at larger angles . This sha'pc is maintained but with 

decreasing intensity from 15 - 30 eV relative energy. At 

higher energies, the distribution moves tola~ger angles 

'and the intensity continues to drop. From 13 to 20 eV, OH+ 

from O+-HD collisions peaks near 35°, and has little intensity 
; 

at larger anglesj while the corresponding OD+ product rises 

to a broad maximum near 90°, and is only slightly less 

intense at larger angles. At relative energies above 
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13 eV the nonreactive scattering of 0+ h~s a majorcompon8nt 

+ that correriponds to the elastic impulsive scattering of 0 

from one atom 9f the target. Nonreactive scattering from 

HD shows tvlO peaks which correspond to impalsi ved+ -H or 

o+-n collisions. The experimental results'are compared 

to the predictions of a model in which reaction occurs as 

the result of those sequences of two-body hard sphere 

interactions which lead to bound 'product molecules. The 

general forms of the~roduct angular distributions and' 

,their dependence on the isotopic compositio~ of the target 

are fairly well represented by the model. For other 

features such as the experimental energy dependence of the 

total cross section (aa:Erel - 7/2) and the corresponding 

isotope effectJ the model is less successful. A conveni€nt 

velocity vector diagram method is given which allows a 
I 

simple, edifying analysis of product angular distributions 

to be made with a compass and straightedge~ 
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One of the major goals of the st~dy of mol~cular 

dynamics is to develop models which allow the interpretation 

Of the important features of reaction phehomena and provide 

the tools by which predictions of the be~avior of experimentally 

untried systems can be made. As alternatives to the expensive 

numerical calculation of exact trajectori~son a complete 
. 1-9 

potential energy surface, a number of simple models for 

the reaction process have been proposed. EVen allowing for 

the necessity of using extremely simple approximations to 

the potential energy. surface, most of these models are to a 

greater or lesser degree lacking in generality and rigor; 

One of the models which is most aftractive from 

the point of view of conceptual simplicity and capacity for 

refinement is the sequential impulse model Dr Bates, Cook, 

and smith.I In bri~fJ the reaction A(BC,C)AB is viewed as an 

event in which A hits B impulsively, B hits C in a like 

manner, and A combines with B (or C) if the appropriate 

energy of relative motion is less than the dissociation 

energy of the product molecule. This model has been elaborated 

and greatly ~xtended by SUPlinskas,3 ~ndGeo~ge and Suplinskas,7,8 

and has proved capable of reproducing the major features of 

the Ar+-D2 reactive and non-reactive scattering. Recently, 

a very similarmodel lO has been applied to hot atom reactions. 

In the course of our investigations ll of the reaction 

( I) 
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" and its isot6pic variants~ it became clear that some of the 

results might be explained qualitatively by a sequential 

impulse model. Since the impulse model should be most 

applicable to relatively high energy coll±~ion phenomena, 

d ' t· 1 ff t t . 12 th t . . we rna e a par lCU ar e ,or 0 examlne ' e reac lon ln . 

the high energy regime. In this paper we report the results 

of our investigations of the reactive and nori-reactive 

scattering of 0+ by H2, D2~ and HD at relative energies 

in the range of 13 to 50 eV and compare the results to the 

predictions of a rigorous hard sphere -seq~ential impulse 

model. 

Experimental 

rrhe experiments are performed by allowing a 
. + 

collimated, energy selected beam of 0 ' io~sto impinge on 

a target gas contained ina scattering cell. The scattered 

ions pass through an electrostatic energYC3.nalyzer and a 

quadrupole mass ,filter before being dete~ted by an ion 

counter. 'l'hc detector components and ex! taperture of the 

scattering cell are mounted on a rotatablelidJ which permits 

the intensity of scattered ions to be measured at various 

angles and energies. The preparation and characterization 

of the 0+ beam was described in our previous publication. ll 

At least 97% of the oxygen ions in the momentum analyzed 

beam were in their 4 83/ 2 ground state. 

Our experimental results are presented principally 

in the form of contour maps of the specific intenSity r(e,u)J 
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the intensity of ions per unit velocity space volume 

normalized to unit beam strength, scattering gas density, 

and collision volume. A polar coordinate system is used 

with the r~dial coordinate u representing the speed of the 

ion relative to the velocity of the center-of-mass of the 

complete target-projectile system, and the angular coordinate 

e measured with respect to the original direction of the 

projectil~ ion beam. The specific intenEityis normalized 

such that 

sin 

is always proportional to the true total cross section cr. 

Results 

Before presenting the results of our experiments 

in the high energy regime, it is useful to summarize the 

behavior of the systemll,13 at relative energies below 15 eV. 

The reaction 0+(H2,H)OH+ is only slightly exoergic 

(~EoO = - 0.43 eV) when the reactants and produtts are 

in thei~ ground states. Because one ofth~·products is 

an atom who~e first excitation energy is large (10 eV), 

certain significan~ limits can be placed on Q, the difference 

between the final and initial relative kinetic energies. 

Q is also given by 

Q = - ~Eoo - U 
, 

where U' is the internal (v~brational and rotational) 

I + energy of OH , and ~Eoo is the standard energy change for 
I 



I 

the reaction. Since U is equal to or greate~ than zero 

and less than Do(OH+), the dissociation energy of OH+ to 

o ( 3 P ) and H +, we have 

- 4.5~ Q < 0.43 eV 

for formation of OH+ 'in its ground electronic state. While 
; 

most OH+ is formed in its electronic ground state, we have 

etidence ll that in some collisions, the first excited state, 

OH+e-L\), is formed. For this state, the limits on Q are 

- 6. 5 ~ '<t f - 1.7 eV 

At low initial relative' energies, the OH+ product 

velocity vector distributions in, the barycentric system are 

very anisotroPic~11~13 and have strong maxima at the 

spectator stripping velocity. The large angle scattering 

is of much 19wer intensity, but appears at all angles to 

lie close to the Q value which at small angles is associated 

with spectator stripping, and is given by 

f\B E 
'«.SS = - A + B L 

where A and B ~re the masses of the projectile and abstracted 

atom respectively~ and EL is the laboratory energy of the 

projectile. This behavior is maintained as the projectile 

energy is raised, until ~SS becomes more negative than the 

lower limit set by the product stability requirement. At 

this critical projectile energy, the stripping peak is 
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abruptly lost, and the larger angle scatt~r1ng moves to 

larger values of Q, where the products are stable to 

dissociation. The evidence ll for formation of OH+(1~) 
. I 

consists of the persistence of product intensity in the 

range ~6.5 ~ ~ <. -4.5 eV, where OH+(16) is stable, but 

OH+(3E-) is not. Rather spectacular differences between 

the OH+ and OD+ distributions from 0+ - HDcollisions occur 

at projectile energies which allow formation of O~~ but not 

OD+ by spect~tor stripping. 

We tan now turn to the results of the present 

investigation. Figure 1 shows the distribution of OD+ 

obtained from the 0+ - D2 reaction with an initial relative 

energy of 20.0 eV. Aside from its diminished intensity, this 

distribution very closely resembles the map obtained ll in 

an experiment at 15 eV initial relative energy. The 

spectator stripping velocity, marked by a small cross in 

Fig. 1, lies well within the velocity region which is 

forbidden by product stability considerations. There is 

no product intensity near 0°, which indicates that the 

potential surface for this system does not have a feature 

which would allow products formed by grazing collisions to 

recoil directly forward into the velocity region where 

products are stable. The interactions between the inCipient 

OD+ rnolecuie and the freed D atom which do lead to product 

stability also produce a deflection of the OD+ from the 

briginal direction of the projectile. Collisions in which 
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this intera~t~on is weak occur with highest frequency~ 

lead to prbduct scattered through moderate anglcs~ and 

are probably responsible for the intensity maxima near 

50° in Fig. 1. Collisions in which the impact parameter 

is smaller and the target orientation more nearly collinear I . . 

with the projectile trajectory lead to p~odu~t formation 

at larg~r angles~ and are generally somewhat more efficient 

in stabilizing the product. Such collisions occur with 

lesser frequency~ however~ and this qualitatively accounts 

for the diminished intensity at larger angles which is 

evident in Fig. 1. 

Figure 2 shows the product distribution obtained 

when the initial relative energy was 32.0 eV. The general 

shape, of the distribution is similar to that obtained at 

20.0 eV~ but there are some differences of detail. The 

overall product intensity has dropped cOhs{~erably~ and 

while there is substantial scattering in the region near 

500~ the maximum product intensity occurs in the region 

near 186°. Both these changes are consistent with the idea 

that as the initial ~elative kinetic energy is increased~ 

giving more internal energy to the incipient OD+~ formation 

of a stable OD+ product becomes more difficult. Therefore~ 
I 

the large angle scattering in which the interaction of 

the incipient OD+ product with the freed Datom is stronger 

becomes relatively more important. 
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'It is evident that much of the intensity in Fig. 2 

lies outside the rather narrow band of allow~d values of Q. 

This occurs to a greater degree as the initial relative 

energy is raised, because at the higher energies, the 

effective bandpass of our apparatus becomes larger than 

the velocity interval in which the products are stable. 

Consequently, the product speed distributions progressively 

become less meaningful for these higher energy experiments. 

Nevertheless, ~seful information can be derived from the 

product angular distributions alone. 

Figure 3 shows the OD+ intensity distribution 

obtained from an experiment ~n which the ~nitial relative 

energy was 38.1 eVe The angular distribution reaches a 

broad maximum at 180°, with only very small intensity at 

angles less than 90°. Thus there has occurred a complete 

evolution of the product distribution from being strongly 

11 13 " forward peaked at lo'w energy' to backward peaked at 

very high energy. 

In Fig. 4 we show the product distribution from 

an experiment in which the initial relative energy was 50 eR 

The product is now exclusively in the larg~ ~ngle region, 

but the intensity peak at 180 0 has disappeared. The total 

product intensity is very low, only 10-3 of th~ total 

intensity from 10 eV collisions. It appears reas5nable 

to regard 50 eV as a rough upper limit to the range of 

energies in which chemically significant amounts of OD+ 

-9-, 
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product are formed. If we include the rate~onstant 

measured14 at 300 0 K and the low energy velocity spectra of 

Harris and Leventhal13 together with our investigatio~s,11,12 

the reaction 0+(H2,H)OIt and its isotopic variants have been 

studied over a range in which the energy vqries lOaO-fold. 

It is doubtful that this can be said of any other chemical 

reaction. 

Figures 5 and 6 show, respectively~ the distribution 

ofOH+ and OD+ from 0+ - HD collisions at a relative energy 

of 15.8 eVe There are very significant differences betw€en 

these two distributions, and both differ from the distribution 

of OD+ from 0+ - D2 collisions at the same laboratory energy 

of the projectile (Fig. 1). In Fig. 5, we find that the 

OH+ intensi ty reaches a maximum near 35°, and diminishe.s 

very rapidly at larger angles. Near 180°, the intensity 

is approximately 0.05 times the intensity at the small angle 

peak, whereas in the 0+ - D2 experiment of. Fig. l~ the peak 
I 

intensity at large angles is only slightly less than one 
, 

half the value at the small angle maximum. In Fig. 6 we , 

see that the distribution of aD+ from 15.8 eV 0+ ~ HD 

collisions differs dramatically from the OH+ distribution. 

The OD+ distribution reaches a broad maximum near, 90°, and 

diminishes only slightly at larger angles. -The tendency 

of the OH+ product to lie at small angleswhl1e the OD+ 

appeared principally at large angles was alsO obs~rved in 

our experiments at 11.8 eV relative energy,ll and a similar 

-10-
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effect evident in experiments with the 02 + - HD system .15. was 

Figures 7 and 8 show the OH+ and OD+ distributions 

that result from 0+ .- HD collisions at 19.7 eV relative 

energy. Th~y closely resemble the corresponding distribu­

tions in Figs. 5 and 6, with the major features accentuated~ 

The OH+ distribution again peaks in the vicinity of 35°, 

and falls to less than one tenth its maximum value before 

90° has been reached. The OD+ again is completely absent 

from the small angle region, reaches a broad maximum near 

90°, and diminishes to approximately one half its maximum 

intensity at 180°. Compared with the distribution of OD+ 

obtained from 0+ - D2 collisions at the same relative 

energy (Fig. 1) the distribution of OD+ in Fig. 8 is quite 

noticeably shifted to large angles. 

Although we do not show the results here, the 

reaction of 0+ with H2 was investigated at .13.9 and 27.8 eV. 

T~e distributions of OEt obtained from these experiments 

very much resemble the OD+ distributions obtained from the 

0+ - D2 reaction at comparable relative energies. The 

major discernible difference is that near 180°, the OH+ 

distributions tend to be somewhat less intense relative 

to the small angle (50°) maxima than is the case for the 

OD+ distributions. In comparing the maps for all isotopic 

combinations, the most stri~ing revelation is that the 
I 

distribution of a given iso~opic product depends most 

~ensitively on the ratio of the mass of the freed atom 
I 

to the mass of the abstracted atom. 
I 
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The experimental total cross sections for reaction 

were determined at each energy for the various isotopic 

targets by integration of the specific intensity distributions 

over speed and angle. Although we can not assign absolute 

values to these total cross sections~ we feel that the 

relative values are quite reliable. A plot of log a vs. 

Erel is linear over the relative energy range 8 - 50 eV~ 

and has a siope of - 7/2. Thus the reaction cross section 

varies as Erel - 7/2 for all isotopic targets over this 

energy range. 

In previous investigations~16,17 we have found 

that the study of the non-reactive scattering provided 

very useful insights into the general nature of the potential 

energy surface and reaction mechanism. We have found this 

to be particularly true in the present system. Figure 9 

shows the distribution of 0+ scattered from D2 at an initial 

relative energy of 20.leV. At angles of 45 0 and smaller, 

there is a well-defined ridge of intensity which closely 

follows the circle labeled Q = O. This elastic component 

of the non~reactive scattering comes from collisions in 

which the 0+ makes a grazing encounter with the D2 molecule 

as a whole. At these,high relative energies, however, a 

grazing collision implies an impact parameter as small as 

approximately 1 A~ and a {repulsive) potential energy at 

the distance of closest approach of as much as 5 eVe 

, , -12-
..... --'. 

. ; 
I 

, '. 



- '. 

At angles larger than 45°, the scattering abruptly 

becomes very inelastic. Virtually all the intensity at 

large angles lies well within the circle marked Q ~ - 4.5 eV, 

which is the locus of scattering sufficiently inelastic to 

dissociate D2. At 180°, the maximum 0+ intensity lies close 

to the circle labeled Q = - 19 eV, which corresponds to 

virtually the full relative energy being converted into 

internal motion of D2~ 

A clear picture of the inelastic scattering 

process emerges when it is recognized that the inelastic 

ridge nearly follows the circle labeled "Elastic O+(D,D)O+II 

in Fig.- 9. This circle has its origin at the velocity of 

the center-of-mass of 0+ and one Datom, and its radius is 

the speed of the 0+ relative to this cent~r-of-mass. Thus 

it is the locus of elastic scattering of 0+ by a free D atom. 

The fact that the ridge of inelastically scattered 0+ nearly 

falls on this circle suggests that in many colliSions, the 

0+ interacts nearly impulsively12 with one atom of the D2 

molecule. 

Figure 10 shows that this elastic impulse picture 

of the inelastic scattering is even a more accurate description 

at the higher relative energy of 35.0 eVe The maximum of the 

ridge of inelastically scattered 0+ is close to the locus of 
I 

elastic scattering from one D atom, which in Fig. 10 is the 

~ircle labeled VKO . Thus the most probable inelastic process 
I 

reSUlts from impulsive or knock-out (KO) scattering of one 

i 
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of the target atoms by 0+. However, the width of the 

inelastic ridge in Fig. 10 is significantly greater than 

would be expected from purely impulsive scattering. This 

can be seen here and in Fig. 9 most simply by comparing 

the width of the inelastic ridge to the width of the elastic 

ridge at small angles. The broadening of the inelastic 

ridge is an indication that in many of the collisions, the 

third atom is not merely a spectator, but is subjected to 

a force even as the 0+ projectile interacts briefly with 

its target atom. 

In Fig. 11, it is clear that at 50 eV relative 

energy, inelastic scattering again closely follows the 

impulse or knockout circle. The inelastic component is 

indeed the dominant feature of the distribution, and exceeds 

the integrated intensity of the small angle elastic scattering. 

The small crosses in the large angle region of Fig. 11 

locate the maxima of a, subsidiary ridge due to a new inelastic 

feature which will be discussed subsequently . 

. If the non~rea~tive scattering in this system is 
/ 

truly of an impulsive nature, the distribution of 0+ 

sc~ttered by HD should ideally show two inelastic ridges, 

++ one corresponding to 0 - H collisions, the other to 0 - D 

collisions. Figure 12 shows the distribution of 0+ by HD 

at an initial relative energy of 27.6 eVe The loci of the 

impulsive.scattering of 0+ by H and by D are indicated by 

the circles'labeled VKO(H) and VKO(D) respectively. The 

• 
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observed inelastic scattering in this case is a very broad 

ridge which covers both circles over most of the angular 

range. However, in the region near the center-of-mass 
I' 

origin, the inelastic feature does separate into two ridges. 

Thus the distribution of Fig. 12 is qualitatively consistent 

with the expectations based on the impulse model for inelastic 

scattering. 

For reasons of clarity, the maps of scattered 

intensity have a limited number of contours. Consequently~ 

some of the detail available in the experimental data is 

lost. It is benefiCial, therefore, to examine velocity 

spectra, which are profiles of the product intensity 

measured at a laboratory angle of 0°, or along the 0° - 180° 

axis in the barycentric system. Figure 13 shows several such 

velocity spectra obtained by scattering 0+ from D2, HD, and 

in one case, He. The velocities of the projectile beam, the 
. + 

center-of-mass, and of 0 scattered elastically from one 

atom and from the total target mass are indicated. The 

veloCity scale in each panel has been adjusted so that 

corresponding reference velocities fall at the same places 

in all spectra. The intensities are normalized to unity at 

the highest point measured in each spectrum. 

Panels a - c show how the non-reactive scattering 

of 0+ by D2 evolves as the initial relative energy increases 

from 13 to 49.9 eVe Even at the lowest energy shown the 

inelastic peak falls very near to the veloCity expected 
I 

, . -U;;- " 
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from the impulsive interaction of 0+ with one D atom. As 

the initial relative energy increases, the inelastic peak 

first falls at the impulsive knockout velocity, and then 

moves to a slightly higher velocity which corresponds to 

a collision which is nearly completely inelastic (Q = 

Concomitantly, the new inelastic feature mentioned in 

connection with Fig. 11 appears. 

In panel d of Fig. 13 we show the velocity 

spectrum of 0+ scattered from helium. As expected, a sharp 

peak occurs at the velocity which corresponds to elastic 

scattering from mass 4. Notice that this peak is much 

narrower than the distribution of 0+ scattcired from D2, 

which clearly indicates that these latter collisions are 

not purely impulsive. 

The angular distribution of the secondary inelastic 

feature which is evident in panels band c of Fig. 13 

appeared in Fig. 11. The fact that the ridg'e corresponding 

to this secondary feature is approximately concentric with 

the 0+ - D2 center-of-mass suggests that it should be 

associated with an interaction of 0+ with the complete D2 

molecule, rath~r than with one atom. In Fig. 13d, a similar 

inelastic feature appears in the spectrum of 0+ scattered 

by He. This suggests that the feature in the 0+ - D2 

spectra should be associated with the excitation of 0+, 

at least in part. 

. ~. 
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We do not have sufficient information to make a 

definitive identification of these secondary inelastic 

features. However, the following ob~ervations may provide 

an indication of theit nature. The secondary inelastic 

feature first appeared in an 0+ - H2 experiment (not shown 

here) at 27.8 eV relatiVe energy, and had a~ ~ value of 

- 24 eVe The ,Q value of the inelastic peak-in, the 0+ - He 

experiment shown in Fig. 13d is ~ 23 eVe If' these two 
/ 

features are of common origin, they must represent an 

excitation of 0+, and indeed the transition 

0+ 2S22'p3(4S) -+ 0+ 2S22p23s(4p) requires 22.96 eVe However, 

as the 0+ projectile energy is increased, the Q value of the 

secondary inelastic peak from 0+ - D2 collisions decreases, 

reaching;- 28 eV in Fig. 13b, and - 40 eV in Fig.' 13c. 

This indicates that any excitation of 0+ is accompanied by 

an exci tation to a continuum. The most likely possibili ty 

is the dissociation of D2. It is also possible that at the 

highest relative energies, dissociation could be accompanied . ' 

by ionization. For example, the process 

requires 41 eV~ just the magnitude of the Q value of the 

two secondary features in Fig. l3c. We did observe a D+ 

signAl from 0+ - D2 scattering at this energy in a region 

of velocity space-which would not allow OD to be bound in 

its ground state. Thus dissociative charge transfer does 
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occur, and dissociative ionization· accompanied by excitation 

of the projectile may occur, but the datw we have are 

insufficient to permit more 'than a speculative description 

of the orig~n of the secondary inelastic feature. 

Panels e - h of Fig. 13 show the velocity spectra 

of 0+ scattered from HD. At the lowest energy, only one 

peak is observed, but as the initial relative energy increases, 

the inelastic feature separates into two peaks. The maximunl 

corresponding to scattering from the H atom falls exactly 

at the velocity predicted by the impulse model. In contras~ 

the sc~ttering from the D atom maximizes at laboratory 

veiocities sligh~ly greater than predicted by the impulse 

model. This behavior is also evident in Fig. 12. Despite 

this deviation, the scattering of 0+ by HD provides a clear 

demonstratipn of the impulsive nature of the non-reactive 
·f 

collisions, somewhat modified by the effects of molecular 

binding. 

Discussion 

There are four major features of the behavior of 

this system with which a model for the reactiort dynami~s 

should be consistent: 

1) There is a sudden disappearance of the product 

peak at 0° when the spectator stripping velocity 
. I 

passes into the region of velocity space where 

products are unstable. That is, there is no 

zero angle recoil of products in this system; 

-18-
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2) The product distributions from the homonuclear 

3) 

target molecules are very much alike, but differ 
/ 

greatly from the OH+ and OD+ distributions from 

HD. The latter are in turn markedly different 

from each other; 

In the ra~ge of relative energies-from 15 to 35 -eV, 

the product velocity vector distributions change 

only slightliin form, but diminish greatly in 

intensity; 

4) .As the initial relative energy is increased above 

10 eV, the lar~e angle nonreactive intensity ridge 

beco,mes continuously narrower, and moves toward 

the locus of pure impulsive scattering. 

The occurrence of spectator stripping at low 

relative en~rgies~ its loss at high energies, and the 

concomitant appearance of impulsive nonreactive scattering 

strongly suggest a potential energy surface which has certain 

regions where the motions of the three atoms are largely 

decoupled. On such a surface, the important changes in the 

velocities of pairs of atoms could come about through the 

impulsive interaction of their relatively hard spherical 

cores. In this picture, spectator stripping and impulsive 

inelastic scattering are seen as complementary two-body 

processes which involve little or no momentum transfer to 

the spectator atom. At low relative energies, it is possible 

to form stable product by a two-body inter~ction, but at 

,''', "'".;.' -19-
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energies whereQ is more negative t~anthe stability ss 

limit, these two-body interactions (and some others) 

lead to impulsive non-reactive sc~ttering. 
I 

Pursuing this point of view, w~ are led to regard 

product formation (at least at high energies) as the result 

of two sequential two-body interactions: A hits B, B hits 

. C, and A may combine with B or with C if the appropriate 

final relative translational energy is leis than the 

. ' I 
corresponding bond energy of the product molecule. That 

is, in this model the ~ttractive forces serve only to hold 

the reactant molecule together before reaction, and may do 

the same for the product molecule, but do not otherwise, 

influenc~ the trajectories. The second (B-C) impulse 

transfers some of the A - B relative energy to the freed 

atom, and may therefore lead to stable molecule formation 

at energies wher~ spectator stripping can not. The inter­

action of B with C necessarily deflects the center-of-mass 

of the product molecule from the original direction of the 

projectile, and consequently reactiv~ scattering at high 

energies appears only at nonzero angles., Since in an 

impulsive B-C interaction, the possible results depend only 
I 

on the ratio of the masses and the init~al relative velocity, 

it seems quite reasonable to expect that the final product 

angular distribution will depend sensitively on the B-C 

mass ratio, and less on their absolute values. Thus a 

sequential impulse model of the reaction is not only suggested 

by ~tems 1 and 4 above, it also seems to have the features 

needed to explain items 2 and 3. 
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/ The sequential impulse model o~ Bates, Cook, and 

Smithl is an approximate treatment carried out under the 

assumpti.ori that the particles scatter in palrsaccording 

to the Rutherford differential cross section. The authors 

computed only the total cross section as a function of 

collision energy. George and SUPliT1skas7 ,8 considerably 

refined and extended the model. They assumed that attractive 

ion-induced -dipole f·orces acted on both the incoming 

reactants and outgoing products, with hard sph~re interactions 

. connecting these asymptotic legs of the trajectory. Their 

computations of the energy and angular distribution of 

products of the Ar+(D2,D)ArD+ are in good agreement with 

experiment at low relative energies, but are less successful 

at high (above 7 eV) relative energies. 

To generate a sequential impulse model suitable 

. for comparison to our data, it seems reasonable to ignore 

the ion-induced-dipole interactions. At internuclear 

separations where this potential is accurate, its magnitude 

is a minuscule fraction of the kinetic energy. At separations 

where it is of substantial size, the perturbation-point dipole 

assumptions inherent in its derivation are violated, and it 

can be accurate only by accident. The uninhibited use of this 

potential in ion-molecule· problems should be avoided. It is 

also unlikely that, at the energies of our experi~ents, the 
. . 1 

I Coulomb repulsion employed by Bates, Cook, and Smith is an 

accurate r~presentation of the forces between atomic cores .. 



A shielded Coulomb or simple exponential repulsion might 
~. 

be the most accurate approximation, but we choose the hard 

sphere potential instead. This potential has the virtues 

of enormously simplifying the problem both conceptually 

. and compuiati6nally, and allowing us to explore ~he 

characteristics of the rigorous impulse limit. Finally, 

we shall ignore the 0.'43 eV. reaction exoergicity as being 

small compared to the kinetic energies employed. This 

choice also is consistent with the ~ntroduction of the hard 

sphere core" potential. 

Before exploring the product angular distributions 

predicted by the sequential impulse model, it is helpful 

to see how 'certain of its consequences can be deduced merely 

by using a compass and straightedge. Consider a st-ationary 

(in the LAB frame) molecule as the target of the projectile 

0+; whose LAB veloci ty "is XO+, the ini tialrela:ti ve velocity 

of the collision. The projectile- strikes the first deuterium 

atom (DI) impulsively and elastically. All the possible 

resulting velocities of 0+ and Dl lie on two concentric 

elastic spheres whose common o~igin is the velocity of the 

O+-Dl center-of-mass, and whose radii are the initial speeds 

of 0+ andDl relative to the O+-DI centroid. This construction 

is shown in Fig. 14a, where the intersections of the elastic 

spheres with the initial orbital plane of 0+ and Dl are 

shown as the circles labeled V'O+' V'DI' (We adopt the 

convention of adding a prime to all velocities after each 
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impulsive interaction. Also, boldface symbols stand for 

particular values of the velocity vectors, and normal 

face is used to denote the locus of all possible such 

vectors.) After the initial O+-Dl interaction is overj 

Dl moves "toward the second deuterium atom (D2) with a 

relative veracity which is just ;[IDl' the LAB velocity 

,of Dl after the first impulse. The DI-D2 interaction 

i 

merely rotates this velocity vector about the DI-D2 centroid 

velocity, which lies on ;[IDl' a distance V'DI (Dl/(Dl + D2)) 

fr6m the LAB origin. This produces another elastic sphere 

whose interse6tiob with the orbital plane is shown in Fig. 

l.a as VII
D. If the target mol~cule had been HD, two 

concentric elastic spheres would have been generated, one 

for VI I H" the other for VI' . 
D It is important to realize 

that all velocities introduced so far can be expressed as 
, 

multiples of Vo+' and therefore, one diagram like Fig. 14a 

can describe all energies merely by a, change of scale. 

.To decide whether a reaction has occurred, one 
! 

can imagine that 0+ drags with it an imaginary capture 

sphere whose radius DC is the maximum velocity that Dl or 
-' + + D2 can have relative to 0 , and still be bound as OD.. That 

is 

"c = 

[Where Do and ~ are the appropriate dissociation energy and 
I 

!reduced 
[ . 

mass respectively. It should be noted that this 

I 
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capture velocity is a fixed number, and does not scale with , 

v +. Fig. 14b shows that for certain combinations of deflections, 
o 

the velocity of either particle Dl or D2 may -lie within the 

capture sphere. The specifi~ case illustrated in Fief l4b shows 
i 

capture of what many might take to be the "wrong" particle, D2. 

'rhe eventual veloci ty of the product molecu-le can be fo'und by 

locating -the velocity of its center-of-mass on the relative 

ve~ocity vector of its constituent particles. 

The procedure just outlined is the simplest way to decide 

whether a particular initial velocity and ~ubsequent deflections 

will lead to reaction. However, to find the li~its on the 

product anguiar distribution imposed by the kinematics, anothe,r 

closely related procedure is preferable. The construction, 

+ + ' 
which applies to the 0 (HD,D)OH reaction, is shown on Fig. 15. 

We begin by _locating the O+-D and O+-H centroidS (not shown) 

on the_O+ velocity vector, and then draw the elastic circles 

V'HKO and V'DKO. For clarity, only half of each circle is 

drawn, and thus the top half of the diagram represents events 

in which H is hit first, and the bottom those in which D is hit 

first. A full construction for both possibilities would~ of 

course, be symmetric about V +. At a convenient angular interval 
"'0 

(15°) we draw from the origin~ to the appropriate e las ti c circle, 

two series of velocity vectors which represent specific values 

of ~'DKO and ~'HKO. Each of these vectors 

i 

'- ! 



is divided at the appropriate centroid for the second 

(H-D) impulsive collision. With these centr9ids as origins, 

we draw a series of elastic circles which describe the 

possible results of the second impulsive collision. F'or 

clarity, only portions of these circles are shown in Fig. 15. 

To find which of these second events produce 

reactive scattering, We overlay the diagram with ~ circular 

ring of velocities which has as its origin the center-of-

mass of the complete target-projectile system. The outer 

and inner radii of this ring are defi!1ed for.a.particular 

isotopic freed atom by the max,imum and minimum values of 

Q which permit stable product formation. That is, if the 

D atom is scattered into the stability ring of Fig. 15, 

energy and momentum conservation insure that the OH+ product 

will be bound. Therefore, the segments of the arcs of' the 

VI'D elastic circles which fall in the stability zone of 

Fig. 15 correspond to reactive events. 

Figure 16 is a similar construction which applies 

to the O+(HD,H)on+ reaction. The diagram is the same as 

that in Fig. 15, except that the stability zone for the 

free H atom lies at larger velocities than does the corresponding 

D atom stability zone. Because we have choseh to ignore the 

reaction exoergicity, the stability zones in Figs. 15 and 

l~ correspond to Q values of 0 eV (outer limit) and - 4.93 eV 

i(inner limit), rather than the experimental limits of 0.43 

and - 4.5 eV respectively. The full stability zones shown 
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are appropriate for collisions with an initial relative 

energy of 15.8 eVe However, the effect of changing the 

initial relative collision energy is easily represented. 

As the initial energy is increased, the velocity vectors 

can be regarded as being fixed in size, but changing in 

scale. The outer limit of the stability zone, or strictly 

the ~ = 0 circle, also remains fixed in size, with the 

same change in scale. The inner limit of the stability 

zone increases in radius as the scale of the vectors changes 

with increasing energy, because the inner stability circle 

lies at a fixed relative energy from the Q = o circle. 

Thus as the initial energy increases, the stability zone 

is shaved away from the inside, and product formation 

becomes less probable. 

Inspection of Figs. 15 and 16 shows that for 

certain results of the first impulse, there is no possible 

second impulse that can lead to a stable molecular product. 

Such collisions may be inelastic or dissociative, and 

contribute to the "impulsive ridge of 0+ scattering. The 

events which do produce stable molecules put the freed 

atom into a well-defined range of angles. By inspection 

and testing, the first and last V'n (or V'H) vectors which 

permit scattering into the stability zone can be found. In 

the O+-HD barycentric system, if the freed atom is found at 

v-B, the corresponding molecule will appear at B. Thus 

from the angular range in which the free atom appears, the 
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corresponding range in which the molecule will be found 

can easily be inferred. 

From Figs. 15 and 16, many of the major features 

of the experimental product distributions can be rationalized. 

Considering first the OH+-D product pair (Fig. 15), we look 

for angular regions in which the D atom can be scattered 

into the stability zone. We see that some atoms can fall 

into angular interval 1, which lies in the large angle 

region of the O+-HD barycentric system. This implies 

that OH+ will appear with high intensity in the small angle 

region, but not right at zero degrees. We see that in this 

set of processes, H is the atom struck first by 0+. Only 

those O+-H collisions in which the CM deflection angle 

ranges from small (but not zero) values to approximately 

1500 can lead to H-D collisions that produce stable product. 

These latter H-D interactions must produc~ deflections 

greater than zero, but the arcs in region 1 of Fig. 15 show 

that there is a considerable range of deflections which are 

acceptable. Thus, 'a rough description of this contribution 

to the reaction is that 0+ scatters off H, H hits D, undergoes 

a deflection and proceeds in the general direc~ion of the 0+ 
+ . . I to form OH ln the angular range from apprOXimately 5 to 60°. 

Reaction to form OI~ can also occur if D is hit 

first and then scatters off H. Stable pioduct is formed 

Py this process in region 2 of Fig. 15, which covers a wide 

angular range. We see again that this process can not produce 
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. OH+ at 0°, but does lead to highly s tabi lized OH+ which 

should appear in greatest intensity near 45°. However, 

product can also be formed at angles as large as 180° by 

scattering the D atom almost directly forward in the CM 

system and making only a grazing D-H collision. When the 

O+-D scattering angle is 180°, and the subsequent D-H 

scattering angle is 0°, we have the ideal knockout process. 2 

The low density of arcs in this region suggests that the 

backscattered OH product should be of low intensity, and 

this is observed experimentally. At 15.8 eV relative 

energy, the segments of the V' 'D circles that correspond 

to the knockout process lie only slightly within the 

stability zone. As the initial collision energy is increased 

and the stability zone narrows, relatively less backscattered 

OH+ will be formed, and this is also observed experimentally. 

We turn now to Fig. 16, which is concerned with the 

formation of OD+ and H. Considering collisions in which 

n is hit first and OD+ is formed, we see that the H product 

must fall in region 3. The corresponding OD+ product 

is therefore excluded from the small angle region, but 

appears at all larger angles, with greatest intensity near 

90°. This is consistent with the experimental observations. 

The velocity vectors ~'D which can eventually 

lead to stable produce come from large (>..70°) deflections 

in the o+-n eM system. The subsequent D-H collisions also 

must involve large deflections in brder to place the final 

H velocity in the stability zone. Thus the reaction process 

+ 
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can be described as O~- approaching DH with its velocity 

vector making a relatively small angle with resp~ct to 

the D-H axis, and with a relatively small impact parameter. 

A large angle O+-D deflection is followed by a large angle 

D-H deflection, and 06~ is produced which appears over a 

wide range of angles, but most intensely at 90°. 

When the H atom is hit first, reaction to form 

OD+ must put the H atom velocity vector in region 4 of 

Fig. 16. This results in OD+ appearing in the forward 

hemisphere of the eM system, with greatest intensity near 

30°. Production of OD+ at 0° is seen to be possible at 

15.8 eV, but is not observed experimentally. Forsorne of 

the scattering near 0°, the two-step sequential impulse 

picture is misleading, since a third impulse may occur. 

That is, for an exactly collinear 0+ - H-D c611ision, 0+ 

hits H head-on, H hits D and bounces back toward 0+, and 

a third (O+-H) impulse occurs. The chance of these multiple 

collisions diminishes rapidly as the system departs from 

collinearity. In our investigations (see below) of the 

exact hard sphere trajectories in which the initial 

conditions were a properly weighted sample,we found that 

triple collisions occurred in only approximately 10% of the 

events. 

\ 

\ The diagramatic method just described indicates 
I 

the possible regions of product formation, but ~ince it 

does not include weighting of collision parameters like 
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impact parameter and orientation angle,it cannot provide 

detailed quantitative pro~uct distribution~. Consequently, 
f 

a computer program was written to sample a properly we~ghted 

set of 3-dimcnsional hard sphere collision events. The 

criteria for reaction were as described in connection with 

the velocity vector diagrams. The target atoms were taken 

to be motionless and separated by 0.75 A. The hard sphere 

radii for the Hand D atoms were chosen with the aid of the 

ground state potential energy curve18 of H2. Values of the 

average energy with which two H (or D) atoms collide in our 

experiments were found, and a range of corresponding 

internuclear separations was read off the H2 potential 

energy curve. This led to 0.12 to 0.25 A as the range of 

H atom radii. Corresponding 0+ radii were then found in a 

similar manner by using an extrapolation of the OH+(3E-) 

curve computed by stevens and Wahl. 19 This led to 0+ hard 

sphere radii in the range 0.32 - 0.42 A. The shape of the 

angular distribution was not particularly sensitive to the 

values chosen for the radii, but was more affected by rHo 

than by rO+' The results presented here were obtained 

with r H = 0.25 A, and ro+ = q.40 A, which produced the best 

agreement with experimental angular distributions. 

For the system 0+-D2 at 20 eV relative energy, 

Fig. ,17 shows a comparison of the experimental and calculated 

angular distributions, which are defined by 

I(e) = fao r(u,G)u 2 dU 

o 
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,The intensity is given in arbitrary units, and the height 

!of the experimental distribution has been adjusted by 

multiplying by the ratio of the calculated to experimental 

relative total cross sections. The calculated differential 

cross section is somewhat shifted to smaller Ilngles than 

the experiment, but the agreement between ~he shapes is 

quite good. The partial cross sections for reaction with 

the atom hit first (shaded bars) and hit second (open bars) 
" 

are nearly the same at all angles. This is perhaps not 

too surprising, considering the symmetry of the D-D scattering 

process. 

The product distributions from O+-HD collisions 

provide a particularly demanding test of the model. In 

Fig. 18 we compare the experimental and calculated differential 

cross sections for forming OH+ from O+-HD collisions at 

15.8 eV initial relative energy. The agreement is very 

good, except at small angles, where the calculated values 

are too large. It is of interest that the reaction processes 

which contribute at small and large s~attering angles are 

quite different, as Fig. 15 suggested. At s~all angles, 

reaction is principally with the atom which is struck first 

(zone 1 of Fig. 15) . For product at large angles, the D 

atom is hit first, ,and it grazes the H atom, which is then 

picked up by the 0+ (zone 2). In essence, knockout processes 
I 
are responsible for the large angle reactive scattering at 

, I 

this energy. 
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Figure 19 shows a comparison between the experi­

mental and calculated on+ distributions for 15.8 eV 

collisions. At large angles, where the principal contribution 

to the differential cross section is reaction with the first 

atom struck, the agreement between the experiment and the 

calculation is quite good. At small angles, however, the 

calculated values considerably exceed the experiment. The 

excess comes almost exclusively from the contribution of 

the process in which 0+ hits II, H makes nearly a head-on 

collision with D, and is then scattered back to large 

angles, while 0+ andD proceed together to small angles. 

It is curious that a model composed of hard spheres 

should elT by placing too much product intensity in the small 

angle region. Some illumination of this point comes from an 

examination of the calculated product intensity contour map 

in Fig. 20. Both the OH+ and OD+ distributions are shown, 

and these correspond to the experiments of fig. 5 and 6 

respective]y. It is clear that both the.OH+ and OD+ products 

formed at very small angles are highly excited internally. 

The OD+ in particular has its maximum intensity right at 

the stability limit. Rather slight perturbations due to 

the neglected attractive walls of the potential could move 

much of this zero-angle intensity into the unstable region, 

or out to larger angles. 

The possibility of such an effect in the O+(HD,H)OD+ 

reaction becomes evident upon examination of the atom 

-32-

.. j 



,. ;; 

trajectories. As stated above, the major contributor to 

OD+ product; at small angles is a process in which 0+ hits 

H and scatters it forward; H hits Dand is scattered back­

ward while 0+ and D proceed forward. ,As H moves backwards 

on the final leg of the trajectory, it passes rather close 

to the forward moving 0+, while the D atom is still at a 

substantial distance from both 0+ and H. In this interval, 

there is very probably a strong attractive bonding force 
+ ' + between 0 and H. Any such attractive 0 -H force would 

. . + act to decrease the laboratory velocity of 0 ,and would 

scatter the H-product out of the backward region. A strong 

attractive interaction would either increase the O+-D 

~elative velocity to the point of the product instabilitYj 

or would surely rotate the OD+ trajectory away from the 

very small angle region. 

In a somewhat similar way, attractive forces 

can remove some of the OH+ from the small angle region. 

In the principal reactive process in this case, 0+ hits 

H in a glancing collision, giving it a rather small velocity 

in ~ direction nearly perpendicular to the original projectile 

velocity. This H atom then mOVes slowly toward D, makes a 

large deflection in the forward direction, and tries to 

follow the 0+. Any residual bonding attraction between 

the Hand D will decrease the laboratory ~elocity of H, 

and thereby increase the O+-H relative velocity. The 

result may be dissociation of an ion which otherwise would 
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have appeared (highly excited) in the very small angle 

region. 

It seems possible to account for the major errors 
! 

in the product angular distributions predicted by the 

sequential impulse model in the relative energy range 

from l5 to 32 eV by introducing the most basic consequences 
; 

I 

of attrabtive forces. In a like manner~ the deviations 

of the inelastic scattering from the exact impulse model 

c~n be rationalized~ and the det~ls of the argu~ents need 

not be presented here. 

A comment is in order concerning the consequences 

of neglecting the 0.43 eV exoergicity of the reaction. To 

see how inclusion of this factor might affect the angular 

distributions~ we can use the construction of Fig. 15. 

Taking account of the exoergicity would cause the outer 

and inner limits of the stability zone to expand to velocities 

which correspond to ~ values of 0.43 and ~ 4.5 eV respectively, 

which is a very slight change. Some decision about how the 

exoergicity is to be divided between the two impulsive 

interactions must be made. If it is released entirely as 

0+ interacts with the atom (let us say H) it strikes first, 

the "elastic" circle which described V'H is correspondingly 

expanded. The magnitude of this change is small compared 

to the already large V'R' and tends to offset the effect 

produced by the outward expansion of the stability zone. 

Thus in~lusion of the reaction exoergicity in this manner 

has virtually no effect on the product angular distribution. 
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If the cxoergicity is releasede~tirely on the 

outgoing leg of the trajectory, that is, as H-D repulSion, 

the situation is a bit more complicated~ If, as a result 

of the 0+ -H collision, ~'H is large the fractionn] incrcclsc 

in its magnitude which occurs when it is expanded by the 
, 

contribution from the reaction exoergicity is relatively 

small, and has little effect on the product angqlar 
I 

distribution. The situation is quite different when ~'H 
-

is small, however. Then, the reactionexoergicity can , 

expand the D-H relative velOCity vector bya large factor, 

and recoil of the D atom into the. stability zone becomes 

possible. That is, this type of energy release makes 

possible backward recoil of ~heD atom and forward (small 

angle) recoil of stable OH+. If thjs wen; to cwcur, a 

product peak could be found at zero degrees even when the 

spectator stripping velocity lay in the unstable region of 

velOCity space. The fact that this is not observed experi-

+ . 
mentally in the 0 -H2 system suggests that the exoergicity 

is released principally during the incoming, rather than 

the outgoing, leg of the trajectory. Since, as we have 

a~gued, this early energy release has littJ.e effect on the 

product angular distribution at high energies, ignoring 

the energy release in our model calculations seems justified. 20 

There is a serious discrepancy between the 

predictions of the impulse model and the behavior observed 

I in the product distributions at 38.1 and 50 eV, Figs. 3 
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and 4. From a velocity vector construction for the 0+~D2 

case, one finds that as the limit of very high initial 
. +. 

relative energy is approached, the aD product distribution 

should contract to a peak at a barycentric angle of 56°. 

(This high energy limiting angle may be found most readily 

as the point of intersection of the Q= Q circle for OD+ 

and the elastic tircle for 0+ recoiling from D.) In contrast, 

the experiments at 38.1 and 50.0 eV sho~edprOduct only 

at angl~s greater than 90°. It is likely that the failure 

of the impulse model is caused by the assumption of the 

hard sphere potential, which becomei unrealistic at these 

highest energies .. Calculations with a Born (shiel~ed 

Coulomb) ,potential indic~te that in the 38 and 50 eV 

experiments, a head-on O+-p collision has a turning point 

at a 0.56 to 0.53 A internuclear separation~ Since this 

is less than the equilibrium D-D internuclear separation, 

it is hard to maintain that in all collisions in this 

energy rang~, the 0+ interacts with only one deuterium 

atom at a time. Moreover, the picture is further complicated 

by the likely intervention of excit~d electronic states, 

since it is in this energy range that electronic inelasticity 

is observed in the non-reactive scattering. In the light 

of these considerations, the failure of the model at very 

high energies is not particularly surprising. 

There are two other instances in which the 

sequenti~l impulse model fails. The experimental total 

reaction cross section decreases by a factor of 250 as the 
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~elative en~rgy is increased from 10 to 50 eV. In contrast, 

the calculated reaction cross section decreases by only a 

factor of 10 over the same range. This discrepancy can be 

diminished by allowing the hard sphere radii to decrease 

as the total collision energy increases. Indeed, the total 

1 cross section calculated by Bates et alwith Rutherford 

differential cross sections proportional to E- 2 produced 

total cross sections which varied as E-~~/2. Our experimental 

total cross sections vary as E- 7 /
2

, which probably could be· 

reproduced with a potential somewhat stiffer than the Coulomb 

potential. However, it seems rather pointless to make this 

modification while still ignoring attractive forces. 

The other major failing of the impulse model is 

its inability to reproduce the intramolecular isotope effect 

in the total cross section of the O+-HD rea~tion. The 

experimental results are given iti Table 1. The ~alculation 

yields O"OW/crOD+ = 1.0 + 0.1 over the energy range from 

15.ato ~O eV. If one neglects the small arigle OD+ which 

comes from the 0+ hits H, H hits D process discussed above, 

the calculated isotope ratios are 2.1 + 0.1 over the same 

range. If the radii of the hard spheres are allowed to 

diminish with energy, the calculated isotope effect shows 

a slight energy dependence, but in the sense opposite to 

the experimental trend. The correct isotope effect 

evidently can not be obtained without introducing attractive 

forces. 
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The successes and the failures of the sequential 

impulse model in its application to high energy collisions 

of 0+ with H2, D2, and lID have been very edifying. The 

manner in which the mass ratio of the target atoms determines 

the gross features of the angular distribution has bdcn 

made particularly clear. The necessity fOr some feature 

which permits forward recoil of the ~roduct if zero angle 

scattering is to be maintained above the spectator stripping 
\ 

stability limit has become clearer. The velocity vector 

diagrams also clarify the pature of the spectator stripping 

process at intermediate (3-8 eV) energies. In order for 

product to be £ound at the spectator stripping velocity, 

it is the second or final state interaction which must 

vanish, whil~ the first collision of the projectile with 

the atom it Mbstracts must involve an ~mpact parameter small 

enough so that an acceleration of the abstracted atom away 

from the spectator atom occurs. Thus the assertion that 

stripping processes in this energy range involve grazing 

collisions is to be understood in the sense that it is 

the final, not necessarily the initial impact parameter, 

which must. be large. The reason for the relative unimportance 

and the eventual high energy failure of the ideal knockout 

model or any close approximation to it has also been made 

apparent. + Even in the most favorable case, where O· knocks 

out D and attempts to pick up H, the knockout process gives 

only a small amount of very highly excited product spread 

thinly over the large angle region. Highly stabilized OH+ 
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product'is ,only possible through a collision sequence 

involving 60° - 120° scattering of 0+ off D followed by 

60° - 90° scattering of Doff H, and this sequence puts 

the OH+ at angles of 90° or smaller in the center-of-mass 

system. 

The sequential impulse model ~nd the velocity 

vector technique of Fig. 15 and 16 are not limiter to 

high energy applica tions", Used with increasing caution 

at decreasing energies, they can provide the basis for a 

more rational simple ~nalysis of reactive scattering than 

has, been available in the past. The points of caution are 

clear, and include the increasing importance of reaction 

thermochemistry at decreased ~nergies asw~ll as consideration 

of attractive forces and related features in the potential 

energy surface. 
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Table I 

Experimental Intramolecular Isotope Effects 

E 1 (eV) re 6'.3 11.9 15.8 19.7 

0.98 1.4 2.5 

(a) Ratio of the total cross' sections 

for isotopic product formation from 

0+ -lID collisi'ons obtained. by integraticm 

of the experimental velocity v(;ctor 

distributions. 

\ 
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Figure Captions 

Fig. 1. A contour map of the specific intensity of OD+ 

from 0+-D2 collisions at 20.0 eV initial relative energy. 
I 

The large circles labeled Q = 0.43 and ~. - ~:4.5 eV give 

respectively the greatest and least speeds at which OD+ is 

stable in its ground electronic state. The small cross 

locates the velocity which OD+ would have if it C9Uld be 

formed by the spectator stripping process. 

Fig. 2. A contour map of the specific intensity of OD+ 

from 0+-D2 collisions at 32.0 eV initial. relative energy. 

Note the overall resemblance to Fig. 1, but also the increased 

prominence of scattering near 1800 
.. 

Fig. 3. The specific intensity of OD+ from 0+-D2 collisions 

at 38.1 eV initial relative energy. Note the absence of the 

intensity maxima in the small angle region which were evident 

at lower energies. 

Fig. 4. The specific intensity of OD+ from O+-D2 collisions 

at 50.0 eV initial relative energy. Note the. very small overall 
I 

intensity, the broad (in angle) intensity maxima near + 150 0
, 

and the apparent tendency of the product near 180 0 to lie in 

regions of velocity space where only electronically excited 

products could be stable. 

-43-



.Fig. 5 .. A contour map of the specific intensity of OH+ 

from O+-HD collisions at 15.8 eV initial relative energy. 

Note the intensity maxima at + 35°, and the very low intensity 

of product at angles greater than 90°. At small angles, there 

is noticeable intensity at speeds where Q < -4.5 eV; that is, 

where OH+ (16) may be stable, but OH+ (3 L:) is not. 

Fig. 6. A contour map of the specific intensity of OD+ from 

O+-HD collisions at 15.8 eV initial relative energy. Note 

the complete a~sence of product from the very small angle 

region, and the rather slight variation in intensity at 

angles between 90° and 1800 degrees. 

Fig. 7. The specific intensity of OH+ from O+-HD collisions 

at 19.7 eV .initial relative energy. Note.the very close 

similarity t9 Fig. 5. 

Fig. 8. The specific intensity of OD+ from O+-HD collisions 

at 19.7 eV initial relative energy. Note the close similarity 

to Fig. 6, and the contrast with Fig. 7. 

Fig. 9. 
i+ 

A contour map of the specific intensity of 0 

scattered from D2 at 20.1 eV initial relative energy, Note 

that the small angle « 45°) scattering follows the circle 

for elastic scattering from D2 fairly closely. The scattering 
I. 

at larger angles is very inelastic, and tends to follow the 

. "knockout circle"; that is, the locus of elastic scattering 

+ of 0 from a free D atom. . \ 
I 
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Fig. 10. ,A contour map of the specific intensity of 0+ 

scattered from D2 at 35.0 eV initial relative energy. Note 

that at this higher energy the large angle scattering follows 

the knockout circle (VKO ) more closely than was the case in 

Fig. 9. Note also that at 180°, a secondary inelastic 

feature is just starting to appear. This feature is more 

evident at higher energies (see Figs. 11 and 13). 

Fig. 11. A contour map of the specific intensity of 0+ 

scattered from D2 at 50.0 eV initial relative energy. Much 

of the inelastic scattering follows the knockout circle (VKO ) 

quite cloEely. The secondary inelastic feature which appeared 

in Fig. 10 is now clearly evident as a small ridge near 180 0
• 

The small crosses give the location of the intensity maximum 

of this ridge. 

Fig. 12. A contour map of the specific intensity of 0+ 

scattered from lID at 27.6 eV initial relative energy. The 

inelastically scattered 0+ has a particularly broad speed 

distribution, and along the 00 - 180 0 axis, separates into 

two ridges. One of these ridges falls quite near to the 

knockout circle for scattering frOm a free H atom, and the 

other intensity ridge lies in the vicinity of, but at 

somewhat smaller speeds (in the barycentric system) than 

the knockout circle for scattering from a free D atom. 
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Fig. 13. Profiles of the intensity of 0+ scattered along 

the pO - 1800 axis in the atom-molecule center-of-mass system. 
I 

In each panel, the abscissa is th~ laboratory velocity of the 

ion, incre~sing from left to right. The label B locates the 

beam velocity; CM, the center-of-mass velocity; V
D2

, the 

velocity of 0+ scattered elastically from aparticlC' of 

mass 4; V
HD

, the velocity of 0+ scattered elastically from 

+ a particle of mass 3; V
D

, the velocity of 0 scattered 
, ., 

elastically from a free D atom, a~d similarly for V
H

, The 

initial relative energy and the collision system are given 

in each panel. All curves are normalized to the highest 

point measured in each run. 

Fig. 14. Velocity vector conQtructions for the sequential 

impulse model of the Ot(D2,O)OD+ reaction at 20 eV initial 

relative energy. In (a), the elastic circles for the 

projectile (VI
O

+) and struck atom (V ' Dl
) are shown, along 

with a set of particular values ;{,'O+, ;{'Dl for these 

velocities .. Also, the locus of final velocities (in the 

orbital plane) for Dl and D2 after their collision is shown 

as V" D . In (b), a particular set of final ve16ci~ies ;{,' 'D2 

and V I I is chosen, and it is seen that V I 1- falls wi thin 
~ Dl ~ D2 

the capture circle Vc centered on ;{,'O+, Thus stable OD+ is 

formed in this particular collision sequence. 
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Fig. 15. A velocity vector construction for the sequential 

,impulse model of the O+(HD,D)OH+ reaction. In the upper 

half of the drawing, one half of the elastic circle for an 

H atom struck by O+(V'HKO) is shown, and in the lower half, 

the elastic circle for a D atom struck by O+(V'DKO) appears. 

The outermost, heavy circle labeled Q = 0 represents the 

greatest speed at which D can be formed. The inner heavy 

circle represents speeds corresponding toQ = -4.93 eV for· 

a collision in which the initial relative energy is 15.8 eVe 

Other short arcs in the upper right region give the location 

of this inner limit (Q.~ ~'4.93 eV) for the other initial 

relative energies indicated. In region 1, D appears (and 

OH+ is therefore stable) after 0+ hits H first, then H hits 

D. In region 2, D again appears (and OH+ is again stable) 

after 0+ hits D first, then D hits H. Note the considerable 

stability achieved by scattering D baCkwards' and hence OH+ 

forward in the barycentric system. 

Fig. 16. A velocity vector construction for the sequential 

impulse model of the O+(HD,D)OD+ reaction. As in Fig. 15, 

only one half of the O+-H andO+-D elastic knockout circles 

are shown (V'HKO and V'DKO 'respectively) . The outermost 
. i 

full circles locate the stability zbne for H atoms from a 

15.8 eV O+-HD collision. In the upper right, the short 

arcs give the location of the inner limit of the stability 

zone for other initial relative energies. In region 3, H 
+ . + atoms appear (and OD is therefore stable) when 0 first hits 



D, and then D hits H. In region 4, H atoms appear (and OD+ is 

therefore ~table) when 0+ first hits H, and then H hits D. 

Fig. 17. Experimental and calculated product angular 

distributions for the reaction 0+(D2"D)OD+ at 20 :eV initial 

relative energy. The smooth curve is obtained by integration 

of the data in Fig. 1. The histogram give~ the results of a 

complete 3-dimensional sequential impulse model c.9.1culation. 

The shaded bars represent reaction with the atom first struck 

by the projectile" and the open bars represent the contribution 

from reaction with the second or trailing Btom. The ordinate 

is in arbitrary units. 

Fig. 18. Experimental and calculated product angular distri­

butions for the O+(HDJD)OH+ reaction at 15.8 eV initial 

relative energy. The experimental results were obtained by 

integration of the data in Fig. 5. The notation and labeling· 

are as in Fig. 17. Note that the calculati'ons indicate that 

the large angle scattering comes exclusively from reaction 

with the second or trailing atom. 

Fig. 19. Experimental and calculated product angular distri­

butions for the·O+(HD"H)OD+ reaction at 15.8 eV initial 

relative energy. The experimental results were obtained by 

integration of the data in Fig. 6. The notation and labeling 

are as in Fig. 17. Note that the discrepancy between the 
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calculation and experiment at small angles comes almost 

exclusively from contribution of the process in which 0+ 

first hit~ HJ H hits DJ and 0+ and D combine. 

Fig. 20. Calculated contour maps of the product specific 

intensity for the O+(HD~D)OH+ and O+(HDJH)OD+ reactions at 

15.8 eV initial relative energy. Note the very high product 

internal excitation in the very small angle region. Intensity 

contours have been extrapolated from 170 0 to 1800
• 
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