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Abstract

We. report velocity vector dlstrlbutlons for the,
reactive and nonreactlve scatterlng of O by Hz, Dz, and HD
in the relatlve energy range 13 - 50 eV. Essentlally ﬁo
very small angle reactive scatteriﬁg is observed for any
ofrfhese systems; In the lower and intermediate parts of'
the energy range, the product of the O+(Dé,ﬁ)QD+ reaction
'reachesxa‘maximum intensity near 50°, and:deereases somewhat'
at larger angles. This shape is maintained bat'with
decreasing 1ntensity from 15 - 30 eV relative energy. .At
higher energles, the dlstrlbutlon moves to 1arger angleu
"and the intensity contlnues ‘to drop. From 13 to 20 eV, on*
from O+-HD:eeliisions peaks near 355, and has.llttle intensity
at larger angles,; While'the corresbonding OD'L product rises
“to a broad maximum near 90°, and is only Siightly less

intense at larger angles. At relative energies above



15 eV thc nonrcactlvc °catte11ng of o has a maJor component
that corresponds to the elastic 1mpu151ve scattelrng of O
_from one atom of the target : Nonreactlve scatterlnc from
HD- shows two peaks which correspond to 1mpuIS1ve O -H or
'_O -D collls10ns. The experimental results are compared

to the predlctlons of a model in Wthh reactlon occurs as
the result of those: sequences of two-body hard sphere
1nteractlons which lead to bound»product molecules. The i
general forms-of the product angular distribations and’
-their dependence on the isotopic composition'of the target
are falrly well representcd by the model. f»ﬁor other
‘,features such as the experlmental energy_dependence of the
/2) S ,

total cross section (o=E and thevcorresponding

rel
isotope effect, the model is'less successful. A convenient
velocity vector diacram method is given which allows a
simple, edifying analy81s of product anéular dlstrlbutlons

to be made with a compass and stralghtedae




‘One of the.major goals of the stgd& of molecular

dynamics iS‘to develop models which allow'the interpretation
of the 1mportant features of reactlon phenomena and provide
the tools by Wthh predictions of the behaV1or of experimentally
untrled systems can be made. As alternatlves to the expensive
numerlcal ealculatlon of exact. tragectorles on a complete
potent1al energy surface, a numberlﬁ9 of stmple models for
vthe reactlon process -have been propos ed{_‘EQen allowing for
the necessity of using extremely 51mp1e epnreximations to
.the potential energy surface, most of_tnesennodels‘are to a
'greater or lesser degree lacking in generélity and rigor.

| 'que of.the models whichdis‘most éttrective from
’thevpoint of view of conceptual simplicityfénd capacity'for
refinementjis the Sequentialvimpulse modeltof'Bates, Cook,
‘and Smith.' In brief, the reaetion A(BC',:'.C')A_B is viewed as an
event in wﬁ_ich A hits B impuisively, B hikts_'f ¢ in a like
- manner, and A c0mbines.with B (or C) ifethe'appropriate
energy of relatlve motion is less than the dlSSOClatlon
energy of the product molecule. Thls model ‘has been elaborated
and greatly extended by Supllnskas 3 and-George and‘Suplinskas,7’8
.and has - proved capable of. reprodu01ng the maJor features of
the Ar’ ~De reactive and non-reactive scattering. "Recently,

10 |

a very similar model has been applied to hot atom reactions.

L In the course of our investigationsll of the reaction
i ..
| 0'(*Ss/2)+ Ha = OH' (°L7) + H S (1)



and ife.isetopic'va;iants, it became cleéf;that some of the
resulté’might be'expleined qualitatively”byea sequcﬁtial
impulse model. Since the imbulse mddelijogld.be most
applicable'to rélatively high energy colliéion phenomena,
we made a particular effort to examihelg'thé reaction in
the'highbenergy‘regime. In this paper we;report the results
| ef our investigations Qf the reactive andeneﬁfreactive
scatteriﬁg of O+ by Hz, Dz, and HD at relative energies
invthe_range of 13 to SQ eV'and compere_the.results to the
predictions of a rigerbus hard Sphere—squential impulse
model. | . |
| Experimental
The experiments are pefformed by;eilowing.a

collimaﬁed, energy selected'beam of’Qf.iehs to impinge on

a target gas contained in'a'scattering celi{ -The scattered
ions pese fhrough an electrostatic eneréyfanalyzer and.a
'quadrupele‘mase;filtef before being deteeted by an ion
counter. The detector components and exit eperturexof the
scattering cell are mounted on a rotatabieelid; which permits
ﬁhe ihtensity of scattered ions to be meesﬁfed at various
angles and energies.. The preparation,andAeheracterization
of the O+ beam was described in our previeﬁe publication.ll
At least 97% of the oxygen ions-in‘thevmoﬁeﬁtum analyzed
beam were in their *Ss/z ground state. |  :-

Our experimental results are pfeéented principally

in the form of contour maps of the specific intensity I(6,u),

9.
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the intensity of ions per unit velocity space volume

normalized to unit beam strength, scattering gas density,

vandbcollision volume. A polar coordinatQISystem_is used

with the radial_coordinate u representingﬁﬁhe speed of the

-ion relative to the velocityvof the centérfbf—mass of the

complete target-projectile system, and the.angular”coordinate
6 measured with respect_to thévoriginalvdirection of the
projectile ion beam. The'specific_intensity,is normalized

such that . |
' T

o =2 v/ sin 6d6/ u? I(6,u)du
- 0 0. S

is always proportional to the true total_crbss section o.

"Results
Before presenting the results of QurveXperiments
in the high energy regime, it isvuseful;tq,summarize the

behavior_of the systeml;l’13 at'relative.enefgies below 15 eV.

‘The reaction 0'(Hz,H)OH' is only slightly exocergic

(AEo® = - 0.43 eV) when the reactants aﬁd produCts are
in their ground states. Because one of the products is

an atom whose first excitation energy 15 1arge (10 ev),

~eertain significant limits can be placed °n7Q, the difference

.between_thé final and initial relative kinetic energies.

Q is also given by
: . .I.
Q= - AE° - U
where U' is the internal (vibrational and rotational)

Qnergy of OH+, and AEQO is the standard energy change for

|



the reaction. Since U 1is equal to or greater than zero
and less than Do(OH+), the dissociation,energy of_OH+ to
0(®P) and H', we have L

~ BEo® - Do £ @K - AEo®

- 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

11

evidence ™ that in some collisions,_theffirst excited state,

oH'(A), is formed. For this state, the limits on Q are
- 6.5 - 1.7 eV
At low initial relative energies;.the OHf’product
velocity‘Vector'distributions in. the baryCeﬁtric system are

o . . 11,13
very anisotropic,

and have strong meximé at the
spectator stripping Velocity.' The large enéle scattering
is:of much;lpwer'intensity, but appears at.eil angles to
‘lie close to the Q'Value which at small angles is associated

with spectator stripping, and 1is giVeh-by

o B
9ss = T A+ B B

where A and B are the masses of the projectiie and abstracted

atom respectively, and E. 1s the laboratoryienergy of the

7 L
~projectile. This behavior is maintained as. the projectiie
energy is raised, until QSS becomes more negative than the
lower 1limit set by the.product stability reQuirement. At

this eritical projectile energy, the stripping peak is
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abruptly.ipst, and the larger éngle scatteiing moves to
larger valuestOf‘Q, whére the producté are ‘stable to
dissociation. The evidencell for fcfmatioh‘of ont(1a)
consists‘of the persistence of product inte@gity‘in the
range j615 < @ < 4.5 eV, where OH+(1A)'i$_stable, but
OH+(SZ:—)’is not. Rather_spectadular diffefences between
the OHT and op" distributions frém ot - HD;collisiQns occur
at projectile energiles which allow formatioﬁ of OH' but not
O'D+ by spéctétof stribping.. |

We Can howiturn to therresults?of’the present
investigation. Figﬁre 1 shows the distributidh of OD+
obtained from the 07 - Dz reaction with an initial relative
- energy df‘E0.0 eV; Aside from its diminished intenSity, this
distribution very closely resembles thejmap obtained11 in
an experiment at 15 eV initial relative ‘energy. The
‘spectator stripping velocity, marked by a:sﬁall cross in
Fig. 1,.lies well within the velocity region which is
forbidden by product stébility consideratioﬁs; There 1is
no prbduct»intensity near 0°, which indicates'that the
potential surface for this system does not_have a féature
whiéh would -allow products formed by’grééing collisions to
recoil direétiy forward into the velocity régiOn where
products arevstable. The interactions betﬁgen the inéipient
OD+ molecule and the freed D atom Which db*lead to product

stability also produce a deflection of the oD" from the

briginal direction of the projectile. Collisions in which



"~ this interaction is weak occur with.higheét frequency,
lead to_prOduct scattered through moderafe_énglcs,iand
are probably responsible for the intensity_maxima near

50° in Fig. 1. Collisions in which the.imbact‘parameter

is smaller and the target orientation more nearly collinear
: :

with the projectile trajectory lead to‘prodﬁbt'formation

at larger ahgles, and'aré geﬁerally somewhét more efficient
in stabiliZing the product. Such_colliSibné occur with
iessef frequency, héwever, and this qualitatively accounts
fqrvthe diminished intensity at larger ahgles which is
evident'in Fig. 1. B

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 haé dropped considgrably{ and
while thefe is substantial 3cattering in the region near
50°, the.maximum product intensity occufé'ih the région
near 180°. Both these changes are consiStéﬁt with the idea

that as'the initial relative kinetic energy is increased,

giving more interhal energy to the incipiént OD+, fotmation'

of a stable OD' product becomes more difficult. Therefore,
the large angle scattering in which the interaction of
the incipient OD+ product with the freed D atom is stronger

becomes relatively more important.
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It is evident that much of the intensity in Pig.
lies outside the-father.narrow band of éllbﬂgd values of @
This occurs to a greater degree‘as the ihitial relative
vénergy is raised, because at the higher énergies, the
effective bandpass of our épparatus becomés_larger than

the vélocity interval in which the products:ére_stable..

2

Consequently, the product speed distributions progressively

become less meaningful for these higher enefgy‘experiments
Neverthelesé, useful information can be derived from the
product angular distributions alone. ‘

Figure 3 shows the opt intensity'distributidn
obtained from an experiment in which the initial relative
enérgy was 38.1 eV. The angular disfribution reaches a
broad méximdm'at 180°, with only very small”intensity at
angles less:than 90°. Thus-thefe baé occurréd'a complete
evolution of the product'distributibn from Béing Strongly

11,13 to baCkward peaked at

forward'péaked at low energy
very high energy. |

- - In Fig. 4 we show thé product diSﬁribution frbm
an expefiment in which the initial relativé énergy was 50
The producf is now exélusively in the 1argé angle region,
but the intensity peak at 180° has disappeared. The total

3 of the total

product intensity is very low, only 10~
intensity"from 10 eV collisions. It appeafs reas6nable
to regard 50 eV as a rough upper limit ththe‘range of

energles in which chemically significant amounts of op*t

eV.



product’ are formed If we include the Iate constant
measuredl at3OO K and the low energy velOCity spectra of

15 together with ourvinvestigations,ll"l2

Harris and,Leventhal

Vthe reaction O+(Hz,H)OH+ and its isotopic_veriants have been

studied over a rangevin which the energy vefies lOOOffold.

It is ddubtful that this can be said of-eny other chemical

reaction. - |
Figures 5 and 6 show, respectively, the distribution

of OHT and opt from ot - mp collisions at. a relative energy

of 15.8 eV. There are very significant differences between

these two distributions, and both differ-from the distribution

of 0D from 0% - Dz collisions at thevsame;leboratery energy
of the projectile (Fig. 1). In Fig. 5, w:e:if_ind that the
OH+ intensity reaches a maximum near 355,fand diminishes
very rapidly at larger angles. Near 180° 'the intensity

is apprOXimately 0.05 times the lntenSity at the small angle
peak, whereas in the o' - Dz experiment of. Fig l the peak
1ntens1ty at larce angles is only slightly less than one
half the value at the small angle maximum.  In Fig 6 we

see that the distribution of obt from 15 8 eV ot - mp
collisions differs dramatically from the'OH' distribution.
The oD" distribution reaches a broad maximum near;9o°, end
diminishes only slightly at larger angles.'-The tendency

of the OH product to lie at small angles while the opt
appeared prin01pally at large angles was. also observed in
our experiments at 11.8 eV relative energy,11 and a similaf

P
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éffécf was.evident in‘experiments with thé:02+ = HD systemils‘
Figures 7eand 8 show the ont arid"OD+ distributions

that result from O+i.'—.HD collisions at 19.7 eV relative
energy. They closély>résemb1e~the c0rre3§6nding distribu-
tions in Figs. 5 and 6‘ withvthé.major feétures accentuated.
The OH dlstrlbutlon agaln peaks in the- VlClnlty of 35
and falls to less than one tenth its maximum value before
90° has been reached. The OD agaln is completely absent
from fhe‘small angle region, reaches a broad maximum near
90°, and diminishes to:approx1mately one half 1ts maxlmum
intensity at 180°. Compared with the diéfribution of oDt
obtained from 0" - Da collisions at the samé relative
energy (Fig. 1) the distribution of OD' in Fig. 8 is quite
noticeably shifted to large angles. o

" Although we do not.show the resulté here, the
reaction of ot with Hg_wés investigated at 13.9 and 27.8 eV.
The distributions of OH' obtained from these experiments
very much resemble the oD distributions obtained from the
ot - Dzvreaétion at comparable relative ehergies. The
major discernible difference is that near 180°, the OHT
'distributiéns fend to be somewhat less intenée relative
to the small angle (50°) maxima than is the case for the
OD+ distributiéns. In comparing the maps‘for all.isotopic
$ombinations, the most striking revelatioh'is that the
distribution of a given isotopic product dépends most
sensitively on the ratio of the mass of the freed atom

|
#o the mass of the abstracted atom.

£ =-11-.



The experimental total cross éeétibns_for reaction
wére'determinéd at each energy for the vapious iéotopic
targets by integratioh-of-the gpecific intéhéity distributions
6ver speed and angle. Although we can not‘aSéign absolute
values to these total cross sections,'we'feél that the
relative values aré quite reliable. A plot of log ¢ vs.

E is linear over the relative energy range 8 - 50 eV,

rel

and has a slope of - 7/2. Thus the reaétibn cross section

- 7/2

ies ]
varies as brel

for all isotopic targets over this
energy range.

In previous investigations,16:l7

.we have found
that}the Study of the non-reactive scattériﬁg provided

very usefui insights into the general nature of the potehtial
energy surface and reaction mechanism. We have found this
to be particularly true in.the present system. TFigure 9
shows the distribution of ot scattered from Dz at an inifial
relative energy of 20.1 eV. At angleé of 45° and smaller,
there is a well-defined ridge of intensity which closely
follows the circle labeled Q = 0. Thié elastic component
of the non-reactive scattering comesvfrom¢collisions in
which the'o+ makes a grazing encounter with'the Dz molecule
as a'whole. At these high relative energies, however, a
‘grazing collision implies ah impact parameter as small as
approximately 1 A, éhd a (repulsive) potential energy at

the distance of closest approach of as much as 5 eV.

—



At angles larger than 45°, the scattering abruptly
becomes very inelastic. Virtually ail fhe intensity at
large éngles lies well within the circle marked @ = - 4.5 eV,
‘which is the locus of scattering sufficiently-inelastic to
dissociate Dz. At 180°, the maximum OF intensity lies close
to the circle labeled @ = - 19 eV, which corresponds to
virtually the full relative energy being‘coqverted into
internal motion of Dz;

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+"
in Fig.- 9. This éircle has its ofigin at the velocity of
the center-of-mass of 0% and one Datom, and‘its radius is
the.speed of the 0T relative to this centér-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 OF nearly
falls on this circle suggests that in many collisiohs, the
O+ interacts nearly impulsivelylz.with one'atom of the D2
molecule. .

Figure 10 shows that this elastic impulse p%cture
of the inelastic scattering is even a more accurate description
at the higher relative energy of 35.0 eV. The maximum of the
ridge of inelaétically scattered o' is close to the locus of
élastic scattering from ohe D atom, which in Fig. iO is the

bircle labeled V Thus the most probable inelautlc process

KO’
fesults from impulsive or knock=-out (KO) scatterlng of one



" of the térget»atoms by ot. However, the width of the
'inelastic ridge in’Fig. 10 is significanilyigreater than
would be’expected from bureiy impulsive $céttering._ fhis
can be seen here and in Fig. 9 most simpiy by comparing
the width of the inelastic fidge to the width of the elastic
ridge a£’small angles. The broadening of the inelastic-
ridge is an indication that in many of-thé'collisions, the
third atom is-not merely a spectator, but“is subjected to
a force even as the O+ projectile interacts’briefly with
its target atom. 7

© In Fig. 11, it is clear that at 50 eV relative
energy, inelastic scatteriﬁg again closely foilows-the
impulse.or knockout circle. The-inelastic»éomponent 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 subsequenﬁly}

If the noq;reaétive scattering in this system is
truly Qf én impulsive nature, the distribution of ot
scattered by HD should ideally show two inelastic ridges,
one corresponding to O+'— H collisions, the other to O+ - D
collisions. Figure 12 shows the distributiOh of of by HD
at an initial relative energy of 27.6 eV. The loci of the
impulsive .scattering of O+ by H and by D,aré indicated by

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

-14-
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observed inelastic scattering in this cése'is a very broad
ridge which COVere both circles over most of the angular.
range. However, in the region near the cenfer—of-mass
origin; the inelastic feature‘does‘sebaratergnto‘two ridges.

Thus the distribution of Fig. 12 is qualitatively consistent

with the expeotations based on the impulse model for inelastic

scattering. |

For reasons of clarity, the maps of scattered
intensity have a limited number of oontours. Consequently,
some of .the detail available in the experimental data is
‘lost. It is beneficial, therefore, to exémihe velocity
epectra, which are profiles of the productlintensity
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 ot from Dz, HD, and
in one case, He. The velocities of the projeotile beam, the
center-of-mass, and of O+ 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.

Paneis}a - ¢ show how the non—reective scattering
of ot by Dz evolves as the initial relative energy increases.
from 13 to’49.9 eV. Even at the lowest energy shown the

inelastic peak falls very near to the velocity expected
. , l



from the impulsive interaction of O+ 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 cdmpletely inelastic (Q = - Erel)'

Concomitahtly, thejnew-inelastic feature mentioned in
connection with.Fig. 11 appears.

Iﬁ panel d of Fig. 13 we show the velocity'
spectrum of 07 scattered from helium. As;expécted, a sharp
peak occurs at the velocity which correspéhds to elastic
scattering from mass 4. Notice thaﬁ this peak is much
narrower than the distribution of 07 scattered from Da,
which ciearly indicates that these latter collisions are
not purely impulsive. ‘

.The angular distribution of the secondary inelastic
feature whiéh is évident in panels b and ¢ of Fig. 13
appeared'in Fig. 11. The fact that the ridge cbrresponding
to this secondary feature isvapproximately.concentric with
the O+ - Dz center-of-mass suggests that it should be
associated with an interaction of O+ with the complete D2
molecule, rather than with one atom. In Fig. 13d, a similar
inelastic feature appears in the spectrum of O+ scattered
by He. This suggests that the feature in the ot - D2
spectra should be associated with the excitation;of O+,

at 1east'in part.

[ S
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We do not have sufficient information to make a
definitive identification of these secondary inelastic
features. However, the following observétiOns may provide
an‘indicatioh of their nature; The secondéfy inelastic
featuré first appeared in an O+ -~ Hz experiment (not shown
here) at 27;8 eV relative energy, and had é'Q value of
—’24\éV. The Q value of the iﬁelastic peak‘in,the ot - He
éxperiment shown in Fig. 13d is - 23 eV. If these two
féatures are of common oriéin; they must répresent an
excitatiop Qf O+, and indeed the transition
o* 2s22p3(*s) ~>d+ 2s®2p®3s(*P) requires 22.96 eV. However,
as the O+ pfojectile energy is increased, the § value of the
secondary inelastic peak'from O+ - D2 collisions ‘decréases,
reaching - 28 eV in Fig. 13b, and - 40 eV in Fig. l3c.

This indicatés that any excitation of ot is acéompanied by
anexcitation to a continuum. The most likely possibility
is the dissociation of Dz. It is also possible that at the
highest rélative energies, dissociation could be accompanied
by ionizétion. For example, the process

0" (%s) + D= = 07 (*P) + D" + D + e
requires 41 eV, Jjust the,magnitude of the § vaiue of_the
lbtwo secondary features in Fig. 13c. We did observe a D"
signal from ot - D2 scatﬁering at this ehergy in a region
of velocity space which would not allow OD to be bouﬁd in

‘its ground stéte. Thus dissociative charge transfer does

BN C



| oééur and dissociative ionization‘éccompénied byvexcitation
Iof the progectlle may occur, but the data*wo hav» are
1nsuffic;ent to permlt more “than a speculatlve deocrlptlon
of the origin of the secondary inelastic feature. |

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

of-O+ scéttered from HD. At the lowest energy, only one

peak is observed, but as the initial relative energy'incréases,

. the inelastic feature separates into two peaks. The maximum
corresponding to scattering‘from the H afom falls exactly
at the veloéity predicted by the'impulse:model. .In contrast,
fthe scattéring from the D atom maximizes at laboratory
velocities'sligh%iy greater than predicted by the impulse
model. This behavior is also evident'in Fig. 12. Despite
- this deviation, the scattering of ot by HD provides a cleaf
demonstrationAof the impﬁlsive nature of the non-reactive
collisions, somewhat modified by the effects of'molecula;
binding. '
Discussion

There are four major features of the behavior of
this system with which a model for the reagtion dynamics
should be consistent: o ; |

1) 'There_is a sudden disappearance of the product

peak at 0° when the spectator stripping‘velocity

passes into the region of velocity Spacé where

product§ are unstable. That 1s, there is no

zero angle recoil of products in this system;



2) " The product distributions from the homonuclear
target molecules are very much allke, but differ
greatly from the oH" and op' distributions from
HD. The latter are in turn markedly different-
from each other;'

3) In the range of relative energieé;from 15 to 35 -eV,
the-produét velocity vector distributions chaﬁge
-only slightly in form, but dlmlnlsh creatly in

| intens1ty, | |

4) As the ‘initial relatlve energy is 1ncreased above
10 eV, the 1arge angle nonreactlve intensity rldce
becqmes contlnuously_narrower, and moves toward
“the locus of pufe impuléive scattering.

The occurrence‘of specfator étfiéping at.lqw
relatiﬁe energies, its ioss at high energies, and the

concomitant appearance of impulsive nonreactive scattering

strongly suggest a potential eneray surface which has certain
regions where the motions of the three atoms are largely
/decoupled. On such a surface, the 1mportant changes in the
velocities of pairs of atoms cou;d'come-ébdut through the
impulsive interaction of their relatifely hard spherical
cores. In this picturé; spectator stfipping and impulsivé

inelastic-scaitering 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 interaction, but at

Co-19-



energies where»QSS is more negetiﬁe thah_the_stability
limit, these twe—body interactions (and some others)
lead to impulsive non—reective'scattering. ‘

Pursuing this poiht of &iew,'we are 1e§ to regard
product formation (at least at high energies)vas the result
of two sequeﬁtial two~body inferactions:' A hits B, B hits

. C, ahd.A may eombine with B or with C if the appropriétev
final relative translational energy is less than the
correspOhding ﬂond energy of the product mqlecule.vahatl
is, in this model the attractive forces serve only toAhold
the reactant molecule together before reaction, and may do
the same for the product molecule, but do net otherwise -
influence the trajectories. The second (B-C) impulse
transfers some of the A - B relative energy tolthe freed
atom, and may therefore lead to stable moclecule formatioﬁ‘
at energies where spectator strippiné can not. The inter—
action of B with C necessarily deflects theveenter—of-mase
of the product molecule from fhe original direction of the.
projectile, and consequently reactive scaﬁtering atlhigh
energies appears only at nonzero angles.. Since in an

!

impulsiye B-C interaction, the pdssible-results depend only

on the ratio of the masses and the initial felative velocity,

it seems quite'reasonable to expect that the final product
angular distribution will depend sensitively on the B-C

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

{

sequentiél impulse model of the reaction is not only suggested

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

-

needed to explain items 2 and 3. o
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~ The sequehtial impulse model of Bates, Cook, and
Smithl is an approximate treatment carried out under the
éssumptioh that the particles scatter in pairs‘according
to the.Rutherford differential cross section; Thé authors
cbmputed only the total.cross sectionvas_a function of
collision energy. George and Suplinskas7’8 considerably
refined and extended the model. \They assumed that attractive
ion-induced-dipole forces acted on both théuinCQming
reactants and outgoing products,.with hard sphére interactions
.connecting‘thesevasymptotic legs of the trajectory. Their
éomputations of the energy and angular distribution of
products of the Ar+(D2,D)ArD+ are‘in good agreement with
vexperiment at low relative energies, but are less successful
at high (above 7 eV) relative energies.
| To generate a sequential impulse model suitabie :
'fbr comparison to our data, it seems reasbnable to ignoré
the ion-induced—dipole interactions.' At internucleaf
separations where this potential ié accufaﬁe, itsvmagnitude
is a minuscule fraction of the kinetié energy. At séparations
 where_it is'of substantial‘siée, the pefturbation-point dipole
vassumptioﬁs inherent in its>derivatibn are Viblatéd,'and it .
can be accuraﬁe only by»accident. The uninhibited use of this .
potential in ién-molecule'problems should be avoided. It is
valso‘unlikely that, at the energies of our experiments, the
i Coulomb repuision employed by Bates, Cook, and Smithi is an

i accurate representation of the forces between atomic cores.



A,shielded’Coulomb or simplé exponential répﬁlsion might

be the most accurate approximation, but we cﬁoose the hard
sphere potential instead. This potentialfhas the virtuesb
of enormously simp}ifyiﬁg the problem both conceptually
.and.computatidnally; and allowing us to explore the
characteristics of‘thelrigorous impulse limit. Finally,
we shall ignore the 0.43 eV reaction exoergicity as being
small cpmpared to the kinetic energies employed. bThis
choice also 1is consiéteﬁt with’the’introduétion of the hard
sphere core5poténtial. S

‘Before exploring the product angular distfibutions

predicted by the sequential impulse model, it is helpful

to see how certain of its consequences can be deduced merely .
by using a compass andAstraightedge.v Consider a stationary
(in the LAB frame) molecule as tﬁe target of the prbjectile
O+, whose LAB velocity’is ¥O+’ the initial‘relative_velocity
of the collision. The projectile strikes the fir§t deuterium
‘atom (D1) impulsively and elastically. All the possible
resulting velocities of O+ and D1 lie on twé conéenﬁric
elastic sphefes whése common origin is the velocity of the

ot -p1 cénter-of-mass, and whose radii are the initial'speeds 
of o éndle relative to the 0T-Dl centroid. This conétruction
is shown ih Fig. 1l4a, where'thé intersections of thé elastic
spheres with the initial orbital plane,of O+‘and D1 are

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

D1l°
convention of adding a prime to all velocities after each
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impuisive'intéraction. Also, boldface'éYﬁbbls'étand for
_particular.values of the veiocity vectors, and normal

- face is used to denote the locus of ali possible sucp
vectofs.) After the initial 0'-D1 interaction is over,

D1 moves “toward the second deuterium atOm (D2) with a
relétive'verocity which is just X‘Dl’ thé LAB veiocity

,of D1 after the first impulse. The DL-D2 interaction
merely rotates this-velocity‘vector.ébouﬁ the D1-Dz centroid.
velocity, which lies on V'oy» @ distance V'[, (D1/(D1 + D2))
from the LABvorigin. This produces anothér glastic sphere
whose interseétion with the Crbital plane is shown in Fig.

l4a as V'! If the target molecule had been HD, two

D"
concentric elastic spheres would have been generated, one

' the other for V!'' It is important to realize

H’ D’
that all velocities introduced so far can be expressed as

for V!

multiples of VO+’ and therefore, one\diagram like Fig. l4a
canvdescribe all energies merely by a change of scalé;
To decide whether a reaction has 0c9urred, one
can imagine that O+ drags with it an imaginary capture
sphere whose radius 0, is the maximum velocity that D1 or
D2 can have relative to O+, and still be bound as ODfa That
is
2 D 1/2
v, o= —L '
e K
where Dé and p are the appropriate dissddiation energy and

ireduced mass respectively. It should be noted that this:
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captufe velocity'is a fixed number, and does‘not §cale with v
VO+. Fig. 14b shows that for certain combinations of deflections,
the velocity orf either parficle D1 or D2 may'lie withiﬁVthev
vcapﬁure sphgre. -The specific case illuétrated in Fig} 14b shows 
.capture of what_many mightltakg to be the "wrong" par%icie, D2;
The eventual velocity of the produc; molecule can be found by
locating the yeiocity'of its center—of—mass on.the relafive ‘
vélocity vector of 1ts constituent particles. 7

The procedure Jjust éutlined is the simplest-wéy to decide-
whether a particulér iniéial veiocity and subsequent deflections
will lead to reaction. However, to find the limits on the
préduct angﬁlar distributionlimposed by the kinematics, another
closely related brocedure'is preferable. The cdhstruction,
which applies to the O+(HD,D)OH+ reaction; 1s 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
and V! vFor clarity,.only half bf each-circle1is

1
VKo DKO"

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

in which H is hit first, and the bottom those in whiéh D is hit
first. A full construction for both possibilities would, of

course, be symmetric about V At a convenient angular .interval

4Y
0 \ .
(15°) we draw from the origin to the appropriate elastic circle,

+°

two series of veldcity vectors which represent specific values

of X'DKO and X'HKO’ Each of these vectors
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is divided at the appropriate centroid fof the second
(H-D) impulsive collision. With these centroids as origins,
we draw a series of elastic circles which describe ‘the
possibie results of the second»impulsive.collision.‘ For
clarity, only portioné of these circles are shbwn in Fig. 15.
 To find which of these second events produce
reactiVe scattering, we overlay the diagrém‘ﬁith a circular
ring of velocities which has as its origin the ceﬁter—of-
masé of the complete target-projectile system. The outer
and inner radii_of this ring are defined for_alparticular
isotopic freed atom by the maximum and mihimum values of
Q which permit stable product formation. ZThat is, if.the
D atom is scaﬂteredvinto the stability ring 5f Fig. 15,
energy and momentum conservation insure,thétvthe ont product
will be bound. Therefore, the segments of ﬁhe arcs of the

V' elastic circles which fall in the stability zone of

D

Fig. 15 correspond to reactive events.

Figure 16 is a similar construction WHicﬁ abplies

to the O+(HD,H)OD+ reaction. The diagram is the same és

that in Fig. 15, except that vth‘e stability zone for the

'frée H atom lies at larger veloéitiés than doeé the corresponding

D atom stability zone. Because we have choséh to‘ignpre the
-reagtion exoérgicity, the stability zones in Figs. 15 andv

l? correspond to @ values of O eV (ogter limit) and - 4.93 ev
(inner limit), rather than the expérimental limits of 0.43

'and - 4.5 eV respectively. The full stability zones shown
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are appropriate for collisions with an initiél relative
cnergy of 15.8 ev. Howéver, the effect of changingvthe
initial pelative collision‘energy is easily represehted.
As the initial energy is increased, the’Qeldcity vectors
can be:regarded as being fixed in size, 5ut_changing in
scale. The outer limit of the stability zoﬁe, or strictly
the @ = 0 circle, also remains fixed in size, with ﬁhe
same'change in scale. The inner limit of the stability‘
zone increases in radius as the scale of thé vectors changes
with increasing energy, because the inner stability circle
lies at a fixed relative energy from the ka 0 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 tﬁat can lead to a stable molecular prdduct.
Such collisions may be inelastic or diSsociafive, and
contribute to the impulsive ridge of O+ scattering. The
events which do produce stable molecules put the freed
atdm intc a well-defined range ofvangles. By inspection
and testing, the first and last V', (or V'H) vectors which
permit séattering into the stability zone can be found. 1In
the O+fHD barycentric system, if the freed atom is found at
T-6, the corresponding molecule will appear at 6. Thus

from the angular range 1n 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 anguler regions in which the D atom can’be scattered
into the stability zone. We see that some atoms can fall
| into angular intervalvl, which lies in the lafge angle
region of the O+-HD barycentric system. This‘impliee
that OH+ will appear with high intensity in_the small angle
region, but not righﬁ at zero degrees. We see that in this
set of processes, H is the atom struck first.by ot. Only
those O+—H collisions in which the CM deflection angle
ranges from small (but not zero) valuee to approximately
150° can lead to H-D collisions that produce stable product.
These latter H-D interactions must produce deflections
greater than zero, but the arcs in region»i of Fig. 15 show
that ﬁhere is a considerable range of defleetions which are
aeceptable; Thus, a rough description of.this contribution
to the reaction 1s that O+ scatters off H, H hits D, undergoes
a deflection and proceeds in the general direction of the oF
to form OH' in the angular range from approximEtely 5 to 60°.
: Reaction to form OH' can also occur if D is hit
first and then scatters off H. Stable product is formed
‘ py this process‘in region 2 of Fig. 15, whieh coversva wide

engular range. We seeagain that this process can not produce |
w : _
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o at 0°, but does lead to highly stabilized OH' which
should appear_in greatest intehsity near£45°. However,
product can also b; formed at angles as large as 180° by
scattering the D atom almost directiy forward in the C&
system and making only a grazing D-H collision, Wheh the
O+-D scattering angle is 180°, and the subsequent D-H
scattering angle is 0°, we have the ideal knockout process.2
Thé 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'’ circles that correspond

D
to the knockout process lie only slightly within the
stability zone. As the initial collision ehergy is 1ncreased
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 0D and H. Considering collisions in which
D 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 experiﬁental observations.

The velocity vectors X' which can eVehtually

D
lead to stable produce come from large (>57O°) deflections
in the O+-D CM system. The subsequent D-H collisions also
must involve large deflections in order to place the final

H velocity in the stability zone. Thus the reaction process

r

!
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can be described as ot approaching DH with its velocity
vector making a relatively small angle with respcct to
the D-H axis, and with a relatively small impact parameter.
A large angle O+-D deflection is followed byva large ahgié
D-H deflection, and dD+ is produced whichvappéars 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 op' appearing ih the forward
hemisphere of the CM syséem, with greatest intensity near
30°. Production of obt at 0° is seen to be possible at
15.8 eV, but is not observed experimentally. For some of
the scattering near 0°, the two-step sequential iﬁpulse
picture is misleading, since a third impuise may occur.
That is, for an exactly collinear 07 - H-D collision, o*
hits H head-on; H hits D and bounces back toward ot, and
a third (07-H) impulse occurs. The chance of these multiple
collisions diminishes rapidly as the system departs from
collinearity. In our invéstigations (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 approximateiy 10% of the
events. :

§ The diagramatié method just described indicates

the possible regions of product formation, but since it

does not include welghting of collision parameters like
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impact,parameter'ahd orientatioh angle,’it_can,not provide
detailed Quantitative preduct distributiqhé, ConSeqqutly,
.a computer program was written to sémple a properly weighted
set of 3-dimensional hard sphere collision events. The
criteria,fdr reaction were as describedvin connection with
the velocity vector diagrams. The target;atoms were taken
to be motionless and separated by 0.75 A. _fhe hard sphere
radii for the H and D atoms were chosen with the aid of the
ground state potential energy curve18
average.energy with which two H (or D) atoms collide in our
experiments werexfound, and a rangevof corresponding
internuclear separations was read off the.ﬁé potentiai
energy curve. This led to 0.12 to O.ZSIA as the range of

H atom radii. Corresponding ot radii weré then féund in a
similar manner by using an extrapolation of the OH'(3Y)7)

19 mnis led to o hard

curve computed by Stevens and Wahl.
sphere radii in the range 0.32 - 0.42 A.,‘The shape of the
angular distribution was not particuiarly sensitivé to the.
values chosen for the radii, but was morenaffected by Ty,
- than by Lot The results presented here were obtained
with ry = 0.25 A, and rot = 0.40 A, which produced the best
agreement withvexperimental angular disﬁfibutions.A

For the system 0T-Dz at 20 eV relative energy,

Fig. 17 shows a comparison of the experimental and calculated

angular distributions, which are defined by

1(6) =[m T(u,6)u3du

0
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.The intéhéityfis given in'érbitrary units;”and the height

;of the experimental distribution has been adjusted by

muitiplyiné by the ratio of the’calculated to experimental

relative total cross sections. The calculated differential

cross section is somewhat shifted to smaller angles than

the experiment, bﬁt'the‘agreement between the shapes is

'quite good. The partial crosé sections f6r reactiQn with

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

are nearly the same at all éngles. This-is perhaps not

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

process. | |
The product distributions from OffHD-collisions

provide a particularly demanding test of fhe mod013 In

Fig. 18 we compare the experimental and calculated_differential

cross sections for forming OHT from O+-HD‘collisions at‘vf

15.8 eV initial relative energy. The agreement is véry‘

good, eXcept.at'small angles, where the caléulated valueé

are tob'large. It is_of interest that the reaétion processes

which contribute at small and large scattering angles are

quite différent, as Fig. 15 suggesfed. At small 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 fifst,‘and it grazes the H atom; which is then

picked up by the 07 (zone 2). 1In essence, knockout processes

are responsible for the lafgé éngle reactivé.scattering at

thié energy.



Figure 19 shows a cbmparison bétweén the experi-

hental and calculated oD distributions qu:15{8 eV
ébllisions. Atllarge_angles, where theVpriﬁéipai-contribution

to the differential cross section is reaétibﬁ‘with the first
atom étruck, the agreement'between'the expériment and the |
calculation is quite good. At smail angles, however, the
calculated values considerably exceed the ekperiment. The
exceSS'comes_almost_equusively from thevcontributidﬁ of

the proéeés in which oY hits H, H makes ﬁearly a head-on
collision with D, and is then 3cattered”5a§k to lérge
ahgles,_whiie O+ and D proceed_together tQSSmall angles.

| It is curious that a mode1 com§o$ed of hard spherés
éhoUld err by placiﬁg toé much'product infensity in the small
angle region. Some illumination of this point comes from an
eXamination of the calculated product intehéity cohtouf map
“in Fig. 20. Both the OH' and opt distribﬁtiohé aré shown,
and these correspond to the experiments of_Fig. ) and 6
respective]y.' it is clear that both thé;OH+‘and OD+ products
formed at very small angles are highly_exCited interhally.
The ODfAin particular has its maximum intensity right'at

the stability limit;‘ Rather'slight pertﬁrbationévdue to
~the neglected attractive walls'of the poiential could move
much of this zero-angle intensity into the unstable region,

or out to largér angles. ‘

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

reaction becomes evident upon examination of the atom

-
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trajectdriés. As stated above, the major contributor to
opt prdduct at small_angles is a procéss'in which 07 hits
H and scatters it forward; H hits Dand is SCattefed back-
ward while O+ ahd D proceed forwafd. As H moves backwards
- on the final leg of the trajectory, it pasées rather close
to the forward'moving O+, while the D atom“is.still at a
substantial.distanée from both é+ and H,' Ih this interval,
tﬁere is véry probably a strohg attractive bonding force
between O+ and H. Any such attractive Q+5H”force would
_act to decrease the laboratory velocity of O+,vand would
scatter the H-product out of the backwérd'region. A strdng
attractive interaction would either increase the o"-p
relative velocity to the point of the product instability,
'orvwould surély rotate the op* trajecﬁory'awéy'from the
very small angle region;

In avsomewhat similar way, attractive fofcés.
can remove some of the OH' from the small»angle'regioh.
In the principal reactive proéess inithis éése, O+ hits
H iﬁ a glancing collisioﬁ, giving it a rather sméll'velbcity
in a direction nearly perpendicular to the origihal projectile
'velocity} This H atom then moves slowly toward D, makes a
large deflection in the forward directioh, and tries to
follow the O+.' Any residual bonding attraction’between
~the H and D will decrease the laboratory'Veiocity of H,
and thereby increase the O+-H_relative veiocity.' The |

result may be dissociation of an ion which otherwise would
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have appeared (highly excited) in the vefy small angle
region. - i

It seems possible to account for the ?ajor er£grs_
in the product angular diétributibné pfédiéted by the
sequential impulse modél in the relativé'energy‘range
from 15 to 32 eV by'introducing the most-basicvcbﬁsequenCes
of atfragtive forces. In a like manner,vthe deviations
of the inelastic scattering from the exa¢t impulse model
can be rationalized, and the details of.fhc*arguments need
not be presented herej

A comment 1is in order éoﬁcerningvﬁhé ¢Cnsequencés'

of neglecting the 0.43 eV exoergicity of tﬁe reaction. To
see how.inclusion of this factor might affebt‘the angular
distributions, we can use the construction of'Fig. 15.
Taking account of the exoergicity wouldugaQSe the outer
and inner limits of the stability zoqefto;expaﬁd fo velocities
which correspond fo Q values of 0.43 and_F 4.5 eV ?espectively,
which is a very slight change. Somevdecisién about .how the
'exoefgicity is to be divided between thé_fﬁo impulsive
interactions must be made. If it is releaééd entirely as
ot intefacts with the atom (let us say H) "i't strikes first,

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

H
expanded. The magnitude of this change is small compared
to the already large V'H, and tends to offset the effect
produced by the outward expansion of the stability zone.

Thus inclusion of the reaction exbergicity.in this manner

has virtually no effect on the product angular distribution.
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If the exoerglclty is released entlrely on the

’Qutgoing leg of the traJectory, that is, :ae H-D repu151on
vthe sltuation is a bit more complicated}r If, as a result
of the'O+;H Cdlllsion{ v'y is large the?fract1onnl increase
ln'its magnitudebwhich occurs when it ls expanded by the
.contribution from the reactiOn exeergicity-is relatively
snall, and has little effect on the'produet angalar
distribatien, The situation is quite different when V'y
is small, however. .  Then, the reaetionrerbergieity can
expand the D-H relative velocity vectbr'by;a large factor,
‘and recoil of the D atom into the stability zone becomes
possible. That 1is, this'type of'energyvrelease makes
possible backward rec01l of the D atom and forward (small
angle) rec011 of stable ot . If this were “to cceur, a |
product peak could be found at. zero denrees even when the
sgectator strlpplng veloc1ty lay in the unstable reglon of
veloc1ty space The fact that thlS is not observed expezl-
mentally in the O ~H- system suggests that the exoer01c1ty
is released principally durlng the 1ncom1ng, rather than
vthe outg01ng, leg of the traJectory. S;nee, as we have
vargued this early:energy release has little effect on ‘the
sproduct angular distribution at hlgh energles ienbring _
the energy release in our model calculatlons seems Jjustified. 20

| Therevisva serlous dlscrepancy between the

predietions of the impulse model and the behavior observed

in the product distributions at 38.1 and 50 eV, Figs. 3
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and 4. _Ffom'a velocity vector COnstruction‘for’the O+*D2
case, oné finds that as the limit of'veryvhigh initial
rélative'energy is'approached; the OD+‘prodgot distribution
éhould contfaot'to a peak at a barycentric 5ﬁgle\of_56°(
vvi(This high:onergy limiting angle may be found most readily'_
as the poiht ofointersection of the Q’='O]oircle for OD' )
and the-elastic ¢ircle for O+"récoiling frém D.) Invcontrést,
the exoerimenté at 38.1 and 56,0 eV-showedforoduot only
at angles greater than 905; ‘Iﬁ is likely.that fhe failure
of the impulse model is caused by the aséumption of the
hard sphere potential, which becomeéounreélistio at these
- highest energies._iCalculations with a Borh‘(shielded
Coulomb) potential indicate that in the‘38:and 50 eV
exoeriments, a,heod-on ot-p collision has a turning point
at a 0.56 to 0.53 A internucléar separation, Since this
ileess than the equilibrium D-D internucléar separation,
- it is hard to maintain thét in all collisions in this
energy range, the ot inteiacts with onlyvoné deutéfium
atom at a time. Moreover, thé_picture'isifurther complicéted

by the likely intervention of excited 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 ver&
high energies is not bartiéula}ly surprising,

Thore‘are two other instances in which the
sequential impolse’modél fails. vThe experimehtal total

reaction cross section decreases by a factor of 250 as the
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reléfiVe.encfgy is increased frbm lO‘to 50-éV. In contrast,
the éalbplatedbfeaction Cross section decfeases by only a
féctor of lO.Qvér the séme range. This diséfépanéy can be
diminiéhed by.allowing the hard sphere'radii to decrease

as the total collision energy increases.jjlndeed, the total
croés section caiculated by.Bates et g;lvwith Rutherford

2

differential cross sections proportionaluﬁo E 2 produced

“5;1/2. our experimental

total cross sections which varied as E
total'cfoss sections vary as E'7/2,-Whichfpfobably could be-
repfoduced with a:poféntial somewhat'stiffér than the Coulomb
potential. However, it seems rather-pointiéss to»makévthis}
modification while still ignoring attréctivé forces.

fThe othér major failing bf the_iméulse model 1is
its.inability to reproduce the inﬁramolecﬁiaf isétope éffeét
in the total cross section of the O+?HD_reaétion. The
‘experimental results are given in Table,lf fThé caiculation
yiglds'dOH+/dOD+ = l;O_ivO.l over ﬁhe éﬁérgy range from
15.8'to.40_eV. If one neglects the small angle oD’ which
‘comes from fhe ot nits H, H hits D prqcessfdiscuésed above,
the calculated isotope ratiOS»are 211 ivdﬁlfover the same
range. If ﬁhebrédii of the hard spheres are allowed to
diminish with energy, the calcdlated isotdpe effect shows
a slightvenergy dependence, but in the sense opposite to
the-éxperimental trend. The correct isotopé effect
evidenﬁly can not be obtained without introducing attractive

forces.
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'. ThevsﬁCcesses and the failures'Of,fhe sequenﬁial
'_imphlse model in its application to high ¢néfgy C6llisions
of 0" with Hz, Dz, and HD have been very edifying. The
manner in which the masé ratio of the targef étoms determines
the gross features of the angular distribution has bden
- made particularlybclear. The necessity for some feature
which permits forward recoil of the prodﬁgﬁ if zero anglé
scattering is to be maintained above the spé¢tatoﬁ sﬁripping
stabilityllgmit.has become clearer. The Veiocity vector
.diagrams also clarify the naturebof the épectator strippihg
précess at intermediate (3-8 eV) energies. In order for
product to be found at the specfator stripping velocity,
it is the seéond or final state interactioh.Which must
vanish, while the first collision of the'p;ojectile with
the atom it abstrdcts must involve an-impacL parameter smail
enough so that an acceleration of the;ébstracted atom away
from the spectator atom occurs. Thus thelassertion that
stripping'proéeSSes 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 fbr the relative unimportance

and the eventual high energy failufe of the ideal knockout
model or any‘ciose approximation to it has aléo been made
apparent. Even in the most favorable case, where ot knocks
out D and attempts to pick up H, the knockout process gives
only a small amount of verj highly excitéd product spread

thinly over the large angle region. Highly'stabiliZed ot
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prqduct\isionly §OSsible through a collision sequence

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

(GO° - 90° 5cattering‘of D off H, and this'seQuénce puts

“the ont at angles of 90° or smaller in thelcénterFof*mass

system.

The'seQuential'impulse model énd the velocity
Vectorvfechnique of Fig. 15 and 16 are th_iiMiteﬁ‘tO"
high energy applications. Used with ianeasing.céution

at decreasing energies, they can provide the basis for a

more rational simple ‘analysis 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 energies as well as consideration -

of attractive forces and related‘feétures in‘the potential
energy surface. |
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Table I

Experimehtal Intramolecular Isotope Effectsk'

Erol (ev) -.6.3» | 1;79_ 15;8  .-19.7

Gt/ - (a) ' o o
oHt’ “opt 0.37 0.98 1.4 2.5

(a) Ratio of the total cross sections

~ for isotopic product formation}from.

_O+—HD collisions obtained by intégratidni

of the experimental velocity véctof ->

distributions.
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Figure.Capticns

Fig. 1. A contour map of the specific‘iﬁtehsity’of op*
from of;Dé collisions at 20.0 eV initial‘feiative energy.
lTheviargebcircles labeled @ = 0.43 and“Q_:'¥!4,5 eV give

' respectiveiy 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 c@uld be

formed by the spectator stripping prccess;

Fig. 2. A contour map of the specific intehsity of OD+
‘from ot -D2 colllsions at 32. 0 eV 1n1t1a] relatlve energy .
Note the overall resemblance to Flg 1, but also the increased

prominence of scatterlng near 180°

Fig. 3. The specific intensity of OD' from 0%-Dz collisions
| at 38.1 eV initial relative energy. Nete'the absence of the
intensity maxima in the small angle region'which were evident

at lower energies.

Fig. 4. The specific intensity of.OD+ frcm O+-Dé'co11isions
at 50.0 eV initial relative energy. Note the,very small o?erall;
intensity, the broad (in angle)'intensity maxima near i_150°,
and the apparent tendency of the product ﬁear‘180° to lie in
regions of velocity space where only electronically exclted

products could be stable.
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Fig. 5. A contour map of the specific intensity of OH+
from OY-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'<‘ff4.5'eV; that is,

where OH'('A) may be stable, but oH'(3Y) is not.

Fig. 6. A contour map of the spécific‘intensiﬁy_of OD+ffrom
0'-HD collisions at 15.8 eV ihiﬁial relative'énergy. Note

the complete absencé of product from the Very small_anglé

region,.and'the rather slight variafion in“iniensity at

angles between 90° and 180° degrees.

Fig. 7. The specific intensity of OH% from O%fHD collisions
at 19.7 eV initial relativevenergy, Noteuthe very close

similarity tQ‘Fig. 5.

Fig. 8. The specific intensity of 0D from O+-Hb collisions
at 19.7 eV initial relative energy. Note the.close similarity

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

Fig. 9. A contour map of the specific intensity of O
scattered from Dz at 20.1 eV initial rélativevenergyT " Note
that thevsmall angle (< 45°) scattering follows the circle

for elastic scattering from Dzvfairly closely.’ The écattering
at larger angles is very inelasfic, and tends to follow thé

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

of 0 from a free D atom. |
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Fig. 10. . A contour map of the specific intensity of o"
scattered from Dz at 35.0 eV initial felative_énergy. Note
that at thie higher energy the large angie eeattering'fol1ows
lthe knockout eirCIe (VKO) more closely tbéﬁ was the_caSe in
.Fig. 9. }Note»also that at 180°, a secondary inelastic
feature is just starting to appear. This featurc is more

evident at higher energies (see Figs. 11 and_lS).

Fig. 11. A contour map of the specific.ihtensity of ot
scattered from D2 at 50.0 eV initial reléfi?e energy.'.Much
ijthe ineiastic scattering follows the'knegkout'circle (VKO)
quite closely. The secondary ihelastic feathe which appearedv
in Fig. 10 is now clearly evident as a sma11 ridge nearv18o°.
The smali crosses give the 10cationeefvthe“ihtehsity maximum:

of this ridge.

Fig. 12.. A cOntQur map'of'the specific intensity‘of O+
scattered ffom.HD at 27.6 eV initial-relative energy . The
inelastically‘scattered ot has a particuiériy-broad speed
distribution, énd'along the 0° - 180° axie,'eeparaﬁes into
two ridges. One of these ridges_fails quite;ﬁear to. the
knockout circle for scattering frOmvaefreefH'atem,eand the
" other intensity ridge lies in the’vicinityvof, but at
somewhat smaller-speedsv(in the barycentrie system) than
ﬁhe knockout circle for scaépering from a free_b_atom.

‘..
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' Fig. 13. Profiles of the intensity of 0% scattered along

" the p°,- 180° axis in the atom-molecule center-of-mass system.

In.e;ch'panelthg abscissa is the'laborétoty;Velbcity of tﬁe
ion, ihéreasing.from left tb fight. Thefiébéi B loc¢ates the
beam veiopity; CM,}the center-pf-mass veiééity; VDé’ phe
velocity of oF scattered qléstically from a particlc of

mass 4; VHb,_the,velocity of ot scattered*eiéstically from _'
_ a particle of mass 3; VD, thé velocity'of O+.scattered
elastically from a free D atom,'apd éimi1érl& for VHJ The
initial relative energy andbthe collision Syétem are given
in each panel. All curves are norﬁaliéed to the higheét

point measured in each run.

- Fig. 14. Velocity vector constructions for:the sequential
impulse model of the ot(pz,p)op™ réaction'aﬁ'EO eV initial
relative energy. In (a), the elastic circles for the
‘projectile (V'O+) and struck atom (V’Dl)'are;shoWn, along
with a set of particular values X'O+’ XfDi for these
velocities. Also, the locus of final velocitiésb(in the:

orbital plane) for D1 and D2 after:their cgilision is shown

DEV

and V'',, 1s chosen, and it is seen that'z'“bzlfallS'withinv

the capture circle V. centered on X}O+f Thus.stéble op' is

as V''p . In (b), a particular set of final velocilties V'’

formed in this particular collision sequence.
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Fig. 15. A'velOCity vector conétrﬁction'for”the_sequential
~impulse modgl'of the O+(HD,D).OH+ reacgione In the upper |
‘half of the drawing, one half of the élastic‘circle for an

H atom struck by O+(V'HKO) is»shown,»and'in ﬁhe lower half,
the elastic circle for a D atom struck by Q+(V'DKO) éppears.
The outermosteheavy:circle labeled @ = O represents the
gfeatest.Speed at which D‘éan be formed. The inner heavy
citcle represents speeds cdrresponding to-Q ;l-'4;95 eV'er,
a collision in which the iﬁitial relativeienergy is 15.8 eV.
Other Sﬁbrtiarcs in the upper'right region-give the 1ocationv
of this inner limit (Q = = 4.93 eV) for the other initial

_ relafive energies ihdicated.. Ih region i, D appears'(and
OH is therefore stable) after O hits H :iTst; then H hits
'D. In regidh 2, D again abpears,(and OH+ ié again stable)
after O+'hitsvafirst, then D hits H. Noté:thé considefable
stability achieved by scattering D baékwérds:and.hence OH+

forward in the barycentric system.

Fig. 16. A‘velocity vecto£ construétion_for'the sequéntial
impulse model of the OT(HD,D)oD' reaction. As in Fig. 15,
only one_half'of_fhe30+-H and'O+-D elastib-knéckbut circles.
‘respectively) . ,Tﬂe.outermbst

are shown (V! and V!

HKO DKO .
full circles locate thevstdbility zone for H atoms from a
15.8 eV 0"-HD collision. In the upper right, the short
arcs gife_the location of the irnner limit of the stability

~zone for other initial relative energies. In region 3, H

atoms appear (and OD' is therefore stable) when O first hits

~4T-
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D, and then D hits H. In region 4, H atoms appear (and OD' is

‘therefore stable) when O first hits H, and then H hits D.

Fig. 17. Experimental and calculated perth angular
distributions for the reaction 0'(Dz2,D)OD" &t 20 eV initial
relative energy. The smboth curve is obtgined by integration
of the data ih_Fig. 1. The histogram givesifhe reéults‘of a
complete‘3-dimensional sequential'impulsé:mbdel calculation}.

The shaded bars represent reaction with theiatom first struck

by the projectile, and the open bars represent thé'contributign_

from reaction with the second or frailinglatom. The ordinate

is in arbitrary units.

Fig. 18. Experi@ental and calculated prOduét'angular distrif
butions for the Of (HD,D)OH' reaction at 15.8 eV iﬁitial |
relative energy. The‘experimental results were ébféined by .
integration of the data in Fig. 5. The noﬁation and labeling:
arc as in Fig. 17. Note that the calculations indicate that
the large angle scattering comes exciusiﬁely:ffom'réaction

with the second or trailing atom.

Fig.vlg. Experimental and caléulated.pfoducf-angular distri-
butions for the o' (HD,H)oD" reaction at 15.8 ev initial
relativevenergy.' The experimental results were obtained by
integration of the data in Fig. 6. " The notafion énd labeling

are as in Fig. 17. Note that the discrepancy between the
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calculation and experiment at small angles-éomeS'almost
exclusively from contribution of the proccgs in which O+

first hits H, H hits D, and 0' and D combine.

Fig. 20. éalculated contourbmaps of the product specific
intensity for the o' (HD,D)oH' and o+(HD,H)oD+'reac£ions at
15.8 eV initial relative energy. thevthe:very high product
_internal‘excitation in the very sméll'anglé‘region; 'Intensity

contours have been extrapolated from 170° to 180°.
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