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We_have determined velocity vector distributions

+
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small angle scattering is elastic, buﬁ at angles greater

for NO* and 0} scattered from helium. As expected, the

than 60°, inelasticity whichZihcreases:with'the‘scaﬁ—'

© tering angle is apparent. For angléngreatér than

‘100°, this'inelasticity represehté?vibfatiCnal eXCita—

tion of the molecule—ibn. For‘inifiéiirélaﬁivé kinetié
enérgies bétwéen 4.3 and 26 eV and'186°~sCattefing,

thé variation of the inelasticity is_éonsistent with a

'new; corrected version of the cléésical theory'éf | -

'vibrational excitétion. Three méthodéiof célculating‘

the angular vafiation of the ineiasticitybare presenﬁed

and found'to be consistent with the experimental data.
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The collisional excitation of the vibrational and

RO . : |
rotational motions of molecules 1s a problem of central importance !

in chemical kinetics, and has been thefsubject>of a great many

experimental and theoretical investigations. Several recent *

review articles and monographsl—u prdvidé'excellent'summaries_
of the work which has been done. Virtually all theoretical -
analyses have dealt with one—dimensional models, and have given

as their most direct result the probabiiity of a vibrational

:transition, or the amount of energy transferred in a head-on

collision of specified relative velocity. On the other hand,
almost all experimental methods which have been used give a.

transiﬁion probability or energy transferred averaged over a

' Boltzmann distribution of velocities, and over all types of

collision ranging from grazihg to head-on. In contrast, ion beam

‘experiments offef a more direct test of energy transfer thedriés,'

since one can detefmine the results of”ébllisions between
ﬁolégUlés whsse relative energy can be well specified and
vafiedfover a wide range. Furthermsfe,.by measuring the
scattering angle one can diffefentiate between head-on and.
grazlng collisions. Accordingly, in this paper we report our
measurements of the velocity vector distributions of NO+ shd

2
of the simple theories of vibrational excitation.

EXPERIMENTAL

The'apparatus used in this work has been described in

5

detail in an earlier publication.” It consists of a magnetic.

O+ sdattered by helium, and analyze them in terms of certain .|
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mass'spectrométer for preparation of the primary ion beam of
known energy, a scattering cell containing the target gas, a
90° spherical electrostatic énergy analyzer, a‘quadrupolév
mass:spéétrometer,_and an ion counter. The eﬁérgy distriputions
df'ions scattered thrbugh various laboratory,angies were
détermined by sweéping the electrostatic energy analyzer, and
the angular distribution of ions of fixed energy was measured
by rotating'the entire deteétion train with respect to the
primary ion beam. After normalization of the ion intensities
to unit'primary beam current, scattering gas density,
SCatfering volume, and velocity space volume intercepted by
fhe'detector, contour'méps-of the normalized scattered inten-
sity pérvunit velocity space volume are constructed. 1In all
respects the details of the data acquisition and treatment‘are
the same as.thoseﬁmployed in our previous publications.'

‘The primary ions were prodgced'by microwave dischargevof
the parent gaseé. Beam attenuation experiments of the type

6

deécribed by Turner et al showédvthatvthe mass—analyzéd beams
contained less than 3% metastable electronically excited ions.
The extent of the vibrational excitation of the primary ions

7

is not known, but Franck-Condqn factofs suggest_that the ions

ére principally in the 1owést_three or fodr vibrational states;”

RESULTS

Eighteen experiments were performed on the NOT-He system,
and at five initia13energies enqugh data were taken to\allow

construction of Complete contour maps of the scattered ion
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intensity. For the OZ—He system, contour maps were made for

three initial~energieé. In other expériménts, a profile of
the scattered intensity along‘the'iﬁitial relative velocity
vector (the O°fl80° line in the baryéentrié system) was méde.
Figure 1 shows an ihtensity contbur map which exemélifieé
the data taken for the No*-He system, and Pig. 2.shows a
é similar map of the ihtensity of O; scattered by helium. The
quaﬁtity Q given in thése_méps is the difference between the
final and initiai reiative‘energies of the collision pértners.
Thus.thé locus of elastically scattered ions 1is giveﬁ in each
map by the large circle labelled @ = O. 1In both maps it is
cleaf ﬁhat the small angle scattering 1s most intense, and
very nearly elastic, as expected. At larger scattering angles,
the intensity maxima fall at velocities which correspdnd to.
negative Qs that.is, to inelastic scéttering. As the scat-
tering angle incréases, the Q values at the intensity maximé
become Increasingly negative. These qualitative features
were_f§uhd in all of the coétour maps determined in our work.
- The experiment represented in Fig. 2 wasrconducted at a
relative energy of 11.1 eV, which considerably excéeds 6.8_eV,
the diséociation energy of OZ,. The inténsity‘maxima 1ie ét. |
Q values considerably more positive thah‘~6.8 ev, which_cléérly
demdnsﬁrates that’dissociative coi1isionS’aré/comparativelyf
fare,.eVen when the relétive energy of coliiéion is mucﬂ'
greater fhan'the bond dissociation energy. Direct.measureﬁéﬂﬁ
of‘the\fragmént‘ion intensity, which we repoft in another

publication, confirms the small cross section for dissociative

3

a
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collisions: However, in‘Fig. 2 there is an intensity contour
which falls insidevtne Q = -6.8 eV circle, where O; should
not be observed, becanse Qf its instabiiity with respect to
dissociation. As we have pointed out in pnevious publications,5
this apparent scattering into regions forbidden by prodﬁct'
stability or energy conservation conditions is a consequence

of the finite energy and angular resolution of the apparatus,

and of the motion of the target gas molecules.

In order to'remove'tne effects of apparatus resolution,
we have deconvoluted the intensity profiles of the O; scattered
through 180°. This was accomplished with anumerieaiviterative
smoothing-deconvolution program similar to those described in
Ionp and Tnomas,8 and Morrison._9 The nesults are shown in
Fig. 3. It is important to notice that the position of the
intensity maximum is unchanged by the deconvolution. However,

the intensity profile is narrowed and Virtually all the

scattering in the forbidden region is removed by the deconvolu—

tion. If the effect of the motion of the target molecules

were;taken into aécoUnt, the intensity profile‘wouldbbe further
narroWed, but would not be shifted in pesition, since the motionv
of‘tneitarget gas molecu]es 1s 1sotrop1c, and the scattering
cross section is not a sensitive function of relative velocity.
Conseqnently,:we can interpret the positions of the intensity .

maxima in the primary data as correctly répresenting the mag-

" nitude of the most probable energy loss.
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DISCUSSION -

At the reléfively high energies_employéd in these experi-
ments, the deBroglie wavelength-a§§ociated with relative.
.motion is much smaller than the charécterisﬁic distances of
the interaction poténtial and the vibrational amplitﬁdeé. The
Q values indicate that éhanges of 10 or more in the'vibratibnél
quanfum number occur, and of course excitation to individual
states ié not resolved., Thus it seems mosf appropriate to
discuss the experimental results in the framework of classical
vibrational energy transfer theory. | -

"Since the relative velocities Vo were approximately

3 x 10° cm/sec, and the characteristic length L of the

exponential potential used in disucssing vibrational energy
transfer is'approkimately 2 X 1077 cm, the dimensionless
parametér mL/vo is less than 0.3 for ﬁhe_vibrational_frequenciés
w.ofvthe’moiécules used in these experiments. 'Conéequently,
tﬁe collisions occﬁr under near—impﬁlse éonditions, and it
is not uhreasonable.to compare bhe experimeﬁtal_results with :
the pfédictions of an impulse or billiard—bali model}i_In.“
thls model, a partlcle A (the hellum atom)‘is assumed to be
inltlally statlonary, and to colllde elastlcally with partlclé
B of the BC prOJect;le, while the partlcle C moves with its
original velocity throughout the collision. A velocity véctOr
dlagram representlng this process is shown in Fig. 4. 'Thé*

veloc1ty of the BC center-of-mass after the colllslon can be

‘found_by elementary vector addltlon, nad from this the.follow1ng'v
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expression for the energy AE-trénsferfed to internal modes of

BC can be derived:

>AE/Er'= 2[m—1 + sin26 - c:o'se('m—2 - sin 9)1/2]/(1 + m 1)2

(1)

Here Er is the initial relative energy of the cbllision, 6 1is
the center-of-mass scattering angle, and the parameter m is
given by

m=M MC/(M )(N + MB + MC)

For head-on collisions between A and B which produce scattering

to @ = 180°, we have

R ) ' | 2, 2
AE/Er = u M M M (M + MB + MC)/(MA + MB) (MB + MC) (2)

For an'o;—He head-on colliston, AE/Er,shquld be 0.3600, inde-
pendent of energy, While for the NO+—He system, AE/EP is
‘0,33857and 0.4124 when particle B is oxygen and nitrogen
respectively, which giVes»an'average of 0-3754 | |

Another 51mp1e model4 w1th which our data can be compared
is the cla551cal harmonic oscillator Whlch is "driven" by a
timevdependent force arising from the collision. For a répdlsive
exponential interaction between atoms A and: B, the coﬁvéntiohél

solution to this problem is

PN

8B/E,, = U(Mgho/Mh) (nul/v,)? eson? (Ter/v ) 3y

whefe M is equal to the sum of all masses.  Ke11ey‘and WOlfSBerglo
and Rapp and Kassalu have noted that thls expression behdves

incorrect]y in &he high veloc1ty 11m1t 1n»that it predlcts
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excitations in excess of the total relative energy of .
‘collision. ‘The source of the dif’f‘icultyl-1 lies in the'assump—
tion made in the derivation that the potential energy at the.

turning poiht in the collision ié equal to the initial enérgy_

of A relative to the entire BC molecule. In fact, the deriva-

tion represents a:refinement of the impulée approximation,
and so the appropriate'value for the energy at the turning
point is the initial‘energy'of A relative to the B atom alone.

When this correction is made, the result is
AE/E_ = [MM, M_M M/ (M, +M_)2 (M_4M )2 T (mwl/v )2 cschl (rol/v_)  (4)
T ABC A B B "C’ - o] N o’ ’

This expresSion converges properly tolthe impulse approxiﬁatioh
at the”high'velocity'limit, and over much of the'velocity

rangé is in close agreement with the results of exact computer
_ integrationlo of the eqguations of motion.

In Figs;_S and-é we compare the.predictions of the various
Vérsidns”of the classical vibrational ekcitation theory with
eiperiméﬁtal data for the ekcitation energy occurring-in
éolliéidns in Which the scattering angle was 180°. Thésé'
head—dn céllisions'necessarily involve_only sﬁall amounts of
angulafmmoméntum_associated‘w;th the,orbitai motion of thé‘:
collisioﬁ'partners,,and thus the exéitation-enefgy is Qery..
_probably_mostly in the_form of'mo;ecular'vibrétion rather.thaﬁ
rotatibn; Cdnsequently, these data should be mostlcompafablé
to the théorieS‘which, with the exception of the impulse{model;

are one-~dimensional.
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We see from Figs. 5 and 6 that the predictions of the

~ impulse model exceed the measured inelasticities by substantial

amouﬁts. This is not particularly surprising, since for the
primitive impulse approximation-te be accurate we must have
wL/vO << 1, while in fact the parameter is greater than 0.1
even at the highest energies. It Seems likely that impulse
condiﬁionS‘ean be reacﬁed_at velocities where the eellision
is electronically adiabatic only if the vibraﬁqi frequency of
the molecule is much less than 1000 cm™ L.

" The pfedictions of the conventional version of classical .
vibrational excitation theory, Eq. (3), are in poor agreement

with both the exact results and experimental data, and

actually exceed the impulse approximation at high energies.

In contrast, the corrected version of the theory, Eq. (),

in very good agreement with experiment and with the "exact"
resultsvobtained by applying the_correction factor of Rapp

and Kassalu to Eq. (3). For both Figs. 5 and 6 we have used.

-values of L in the theoretical expressibhs, derived from

Herzf‘eld_"s12 relatioth = r /17.5, where r, is the average of
the Lennard-Jones disﬁanCe parameters for»He and NO or 02

The predlctlons of the theorJes are not. at all sensitive to

~__.the value chosen for Ly partlcularly at the higher energies..

When L for the NO'-He ststem was taken to be 0.1632 and 0. 1840
the calculated excitation energleb differed from the ones
given in Flg. 5 by less than 10% at relative’ energies above
uvév, and less than 3% above 14 eV. It appears, therefore;

that the amount of energy transferred into vibration at theee
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higher energles is pr1nc1oa1]y determlned by the masses of

the atomo, and to a lesser degree by the group mL/v . Conse-

quently,vK. (U)'may be used with ste,confidencevto predict
the inelasticity.of head-on coliisiohs at high,energy.

It is likely fhaﬁ simultanebUsvyibratioﬁal and rotafional
vtranSitiOns are feéponsible for the inelastic.scéttering
which falls at anglés appreciably smaller than 180°. Never-
theless; iﬁ is of interest to see how the.predictions of the
approximate élassicalvthedries of vibfational excitationv
compare with measured inelasticities at all scatterlng angles
While the simple’ ‘classical theory of v1bratlona1 ex01tatlon
is one—dlmenSIOnal, 1t can-be extended to three dlmen51ons-by‘
the modified wavégnumbér épproximation (MWNA) of Takayanagi.l
FOf a classjcal situation the éonsequences of this approxima-
tion may be derlved as follows.v If.the total energy associated
with orbital motlon is conservea “the klnetlc energy a35001ated
with radlal motlon in a spherlcal potentlal V(r) is
r?

L -=E—V—E(b'/r)2." L (5)

and the'impaét parameter and tufning point r, are related'by
b/r) =1 - Ve )/E R (6)

Here'u' is the reduced mass of the collision pair, b is the
impact parameter, E 1s the total ehergy, and V(rm) Is the
potential energy at the turning point. In ﬁaking the modified

wave number apprdximation, it is assumed that in the last term

-of Eg. (5) the variable r can be'replaced by its value r at

m
the turning point. Thususubstituting5Eq. (6) into Eq. (5), we
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get
1 el = v(r ) -V ", R : | '(7).
2 m° o ' : :

which i§ the energy conservatioh'equation for a particle with
total énergy V(rm) moving in one dimension. Thus the MWNA
consists of reducing the three dimensional problem to one-
dimensional motion in which the total énergy or initial rela-
ﬁive kinetic energy 1is equal to the potential energy at the
turning point in the three-dimensional pfoblem; Since the
excitation energy can be calculated from the .initial kinetic
energy; the ahgular dependence of the inelasticity can be
calculéted if the scattering angle 1s known as a function of

E énd»V(fm)."For simplicity,'we select the hard sphere inter-
action for which tﬁe‘pdtential energy aﬁ the turniﬁg point can
be takén equal to the radial kihetic energy at the instant of
This quantity is related to the initial energy

impact, Erad’

and tﬁc'écattering angle 8 by
B = E sin?(6/2) = V(r ) | (8)
rad m’° ' '
or

Vo, = v, sin(8/2) R NG

Thus in order to calculate the inelasticity at an éngle:e,_thé

radial velocity Vad is found,from Eq{ (9) qnd-used in Eq.'(h)

’

‘fo compute AE.

The use of hard-sphere scattering angles in this calcu-
lation may seem unrealistic, but in fact is a fairly good

13.

approkimation for scattering near 180° at high ehergies;

In any'case, the great simplicity of this procedure makes it

worth tesﬁing against experiméntalvd?té; »Laﬁer[we shéll'_{;f_a.aj
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Amprove uﬁon this'prfmitiﬁc MW&A by ueing tﬁe exact defleetion
angles‘fer.the exponential potential. | |
In'Fig;‘7 Qe compare thevinelésticity caleulated by the
ﬁfimitive MWNA, and by the impulse approximation Eq. (1),

with experimental results It is clear that the impulse

approx1matlon overestlmabeo the 1ne1ast101ty at all angles e

greater than 90°, where the experlmenual values are partlch
“larly reliable. The'results of the 180° scatterlng.dlscussed
earlief:might have caused us to_anticipate this discfepancy.

The apparent suecess'of the primitive MWNA.in predictihg
the angular distributiop of vibratienal inelasticity raises
the questioh of’the importance of rotetional inelasticity. The
present appllcatlon of the MWNA contains no provision for rota-
tional 1ne1ast101ty, and if this is an important factor the
agreement between experiment and MWNA is purely fortuitous.
'_TovfeSOlve this question, 1t is necessary to determine the
makimuﬁ impact parameters and orbital angular momenta which
_are iﬁvdlved‘in coliiSiens which giVe'seattering to approxim-
atelyu1009 in the barycentric system. Accordingly, we have
'computed exact scatteriﬁg angles for‘the exponential repulsive
potentiel V.o exp(—r/L)r | |

Fer values of the parameters Vévand-L‘which are appro-

priate for thevNO+~He and OZ—He systems,-en impact_parameter

.Of'approximately 0.7 A gives scéttering to 100°. For the 6.55 eV

NO -He experlment the ortital angular momentum for this angle is
therefore approx1mate1y 75 11, if the initial velocity is

1@9;x 106 cm/sec. The fraction of this orbital angular mementum_
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which is converted to rotation of the target is not limited

- by the conservation 1aws,'and is conseQuentiy difficult to

éStimate.’ If the ion—molécule‘potential were so anisotropic
that éll-the orbital rotation wefe convefted to rotation of
the‘molecule, the final rotational"energyvbf the molecule would
be approximately 0.9 eV, which is greater than the observed
inelasticities at scattering angles of 100° in the 6.55 eV
experiment. On the other hand, it seems unlikely that the

molecular ion-atom potential is sufficiently anisotropic to.

~induce such an angular momentum change, except at.the highest

collision energies. As a very rough estimate of the anisotropy

we can take the ratio of the internuclear distance in'NO+ or

Og to the Lennard—Joﬁes 0 parameter for the NO+—He or O;—He

vpair.‘ These ratios are approximately’d.ﬂ. If this fraction

of the orbital angular momentum is converted to molecular
rotation, the corresponding inelasticity would_bé 0.14 ev,
which‘is just less than the experimental»uncertainty in the
measured inelasticity. Thus iﬁ iSIQuite possible.that,rotational!
inelasticity is not important at angles as small éé 100°. A
much stronger-statement can be made for Scéttering angles of
120° or greater. These correspond.to impact pérameters df

0.5 A or iess; orbital angular momeﬁta no greater‘than approxf
imately 55, and rotational inelasﬁiéities which‘aré prbbably::
less thén 0.1 eV. Thus the inelasticity at these largér scat-
tefing angles is principaily due to excitaﬁion of'vibration,

and the'faCt that the primitive MWNA 1s 1n agreement With-the

experimental results is ‘an indication of the usefulness of
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this procedure for estimating vibrational inelasticities.

It is possible to use a SIighﬁly'mofé refined version
of thé MWNA if the exact defléction‘angle is known as a
fqncéién'of the potential energy ‘at the turning point of
diétanCe of closest approaéh in the éollision; In Table 1
fhe results of this refined MWNA are compared wiﬁh the pre-
dictions of the primitive version (PMWNA) in which hard-sphere
scattering angles are used. The similérity between the tWo
results shows that the primitive MWNA can be used with some
confidence in this large angle, high energy regime.“

"“Thefevis-still another approkiﬁéte method of estimating

.the enéfgy transfered to .vibration when the impact paraﬁeter
is nonzero. 1In this approach we agaih'assume that the molecule
iéwrepréSented by a breathing sphere, and that the inelasticiﬁy
of the cbllision is determined only by the characteristics of.
the radialvmotion near the ﬁurning point of the orbit. We '
also assume that over the significant range of r, the effective
intermolecular force is a cdnstant equalvto the effective force
at the:turning point. Thus for the separation r between the
_cenﬁers of force we wfitg

1l 2
r —_rm =5 reT .

So(10) .
| s
where t is zero at the turning point r,s and P is given by

|

B o= - (1/R) (Y p0/0r) ., o | (11)
. ‘ o o

' As a consequence of Eq. (10), we refer to this treatment as

the parabolic trajectory approximation,‘or‘PTA.- In Eq. (11),
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the quantity m is a reduced mass, which may be taken as that
of the two colliding atoms, 1f the collisions approximately
satisfy the conditions for the impulse limit. The effective

ff‘ls given by

- 2, 2
eff = V + E(b /r ).

v
where V is the true thential energy, b is the impact parameter,
and E i1s the initial relative kinetic energy of the two atoms
which collide. Consequently,

2a = (#), = m'l[F(rm) + éE(bz/rg)]
- m

‘where F is the force.

If we choose a potential of the form
V =V, exp(-r/L)
then the time depéndent force which drives~the oscillator is
CF(8) = (YW /L) exp(-at?/L)
Here y is.the masé ratio My/(My + M,), where atom‘Bvbf the
diatomic molecule BC is in'dollision with atom A. The energy

AE transferred to an initially rnvibrating oscillator of

reduced mass p and frequency w is given by
AE = (op)~t [/7_F(t) cosut at )2
and consequently for the PTA we get

AE + (20)"H(yV_/1)2 (nL/2)exp (~Lw?/22) 2y

For head-on collisions in the high velocity limit, this expres-
sion gives a result which is 7/4 timeé the_true impulse 1imit,

since the PTA gives a time dependent force which varies too
i _ St
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slowly‘near'ti= O for such collisions. For grazing collisions,
however, the fTA.gives a result in the limit of infiniteiimpaﬁt
'parameter which is idenfical to the answer obtained from a-

classiqal'straight 1iné trajectory treatment.ll. Consequently, 4 !
it would appear that use of the MWNA at very large angles,
and the PTA at sﬁaller angles would give the most écdurate
_ predictions of‘the-inélastiqities. : i !
?abie I contéins the inelasticitieé at 5 angles calculated
by means oft PTA, PMWNA, and MWNA for two exponerntial potentiéls,

along with the experimentally determined results. The potenﬁial
"V = 6550 exp(-r/0.7146) (ev-R)

was:chosen rather arbitrarily, since no_previously determined
potehtials exist.for the energies employed in these‘experiments.
The'poténtial with the smalier pre—exponential factor was |
Chosen.ﬁo provide contraét. A perusal'of Table lnshows that
the results calculatéd er the two potehfials by the séme_

method do not differ’appreciably except atfthé smallest angle.

This result is not too surprising, since it has long been |

known that the pfe—eXponentialffactor does not affect'the

énérgy,traﬁsferred'in a_head—on coliisipn at all. It appgarS‘
that if vibrational inelasticity is ever to be uséd to deter-
‘mine ﬁhe pre-exponential part bf ihtefmoleéular potentials)

éccﬁfate measuremehts of the inelasticity at angles near 90°

must be’made.

Aside from the fact that the PTA - underestimates the o

inelasticity at 180°, the three methods of calculating the
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inelaéticity give similar results. None of the three methods
quite reproduces the rapidity of the decrease in inelasticity

with deéreasing angle, but the error is not large, and seldom

~greatly exceeds the $0.15 eV uncertainty in the experimental

data. It appears that until data of better guality at smaller
angles become available and provide a more critical test, the
primitive modified wave number method proyide the best combina-
tion of accuracy and convenience for thebpredictionyof

vibrational inelasticities.
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Table I. Experimental and Calculated Vibrational

TInelasticities for NOT-He Collisions.?

V=6550 exp(-r/0.1746 V=655 exp(-r/0.1746)

Eyop —_— EXP _
- & PTA PMWNA MWNA PTA MWNA
4.30 180 0.90 0.85 0.85 1.0 0.90 0.85
160 0.87 0.82 0.80 1.0 0.86 0.80
140 0.77 0.75 0.70 = 0.88 0.77 0.70
120 0.64 0.85 0.55 0.64 0.63 0.57
100 0.48 0.52 0.45 0.52 0.47 0.43
6.55 180 1.39 1.50 1.50 1.3 1.39 1.50
160 1.35 1.40 1.45 1.5 1.36 1.48
140 1.22 1.25 1.30 1.1 1.23 1.35
120 1.02 1.00 1.15 0.81 S1.02 1.13
- 100 0.79 0.70 0.85 0.85 0.85 0.95
8.85 180 2.04 2.30 2.3 2.4 .2.04  2.30
: 160 1.97 2.20 2.2 2.1 1.99 2.25
140 1.77 1.95° 2.0 - 1.78 2.05
120 1.48 1.50 1.7  1.50 1.56 1.85
100 1.12 1.10 1.3 1.42 1.17 1.40
10.7 180 2.57 3.0 3.0 2.8 - 2.57 3.0
160 2.48 - 2.9 2.9 2.9 2.51 2.90
140 .2.30 2.5 2.7 2.3 2.36 2.75
120 "'1.94 2.0 2.3 1.8 1.91- 2.35
, 100 1.46 1.4 1.8 -- 1.57 2.00
12.9 180 3.23 3.75 3.75 3.3 - 3.23 3.75
160 3.11 3.85 3.70 2.9 3.15  3.70
140 2.87 3.30 3.45 2.9 ‘2.91  3.55
120 2.40 2.75 2.95 2.3 2.35 2.95 .
100 1.97 1.85 -2.45 - 1.90 . 2.48

" a.. All energies in eV. PTA; parabolic trajectory approxi-
mation; PMWNA, primitive modified wave number apper—"
imation; MWNA, modified wave number approximation; EXP,

experiment.
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A contour map of the speﬁific intensity of not
scattered from He plotted as a function of the velocity
in the center-of-mass coordinate system. The circle

labélled Q=20 iS'the locus of elastically scattered

-

NO . The small circles locate the intensity maxima -

found in scans of the energy and angular distribution.



]
;

03 +He —> 03 + He (100.1eV)
 Relative Energy =11.1eV

!

£ l.’ '.'.'. X
S, SR

S-ee

| ¢eT6T-TION




23 . . UCRL-10193

-+

‘Fig. 2. A contour map of the épecific inténsity of O2 scat-

tered from He plotted as a function of the velocity

in the center-of-mass coordinate system. The circle

- labelled Q = O is the locus of elaétically scattered

-

O2° The circle labelled Q = -6.8 surrounds a region

- of velocity spacé which is forbidden because of the

instability of Ognwith respect to diésociation. The

small circles locate the intensity maxima found in

scans of the energy and angular distribution.
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Fig. 3. A compariéon of the measured intensity distribution

+
2

system (solid line), and the same distribution after

of O, scattered through 1806 in the center-of-mass
smoothing and deconvolution (dashed line) ﬁsing the
measured primary_beam distribution.as the apparatus
resolution function. Note that the deconVoluﬁion
removes most of the iﬁténsity which occurs in the "for-
bidden" region where Q<D = -6.8 eV. . Also note that
the smoothing#decbnvolutionvintroduces small sub-
sidiary intensity maxima which have novobvious phys-
ical cause, and mﬁst be attributed to non—fandom

experimental error. ~
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Fig. 4. Velocity vector diagram for the hard-sphere collision

the stationary target atom A with the B atom of the

B’ vé denote respectively

the initial and final velocities of B, and similar

BC projectile. The symbols v

notation applies to the 6ther velocities. VAB‘refers
to the velocity of the center of mass of the AB
systém. The elastic circle‘has as its center the
center of mass velocity of the sysﬁem Vape+ The

inelastic circle is centered on the cross half way

between V and v.

AB B



Q (eV)

NWWHe mﬁ+He

v -23"7"7’cr~:f'I
L= oa?46&

Classical
Apprommchon
Eq. (3) |

~ Hard Sphere

T

- Classical Apprdximo?ion-
Eq. (4)

5 ';{if'_. 6 8 10

o
“rel

N
12

L
14

(eV)

B
16

l l
18 20 -

5_2 24

g

€6I6tfqaan



e

-29- UCRL- ?—9193 :

Fig. 5. A plot of the experimental and theoretical Q Valuesv
for 180° scattering of NOT by He as a function of
initial relative energy. The closed circles repre-
sent the experimentally measured most probable Q
values. The hard sphere approxiﬁation.fails at all
énergies, the conventional classical approximatioﬁ

fails at high‘energies, while the refined impulse

approximation is reasonably accurate at all energies.




=]

| T 'j(

T

[ Classical N
- Approximation —

Eq.(3)

OE*H@«—»@'§+ He N
L=041715
~ v=1876cm™t

o0 -
, ——Classical A-pproximO?ion

. Eq.(4)

- QQ"‘

C6T6T-THON




—~
<

‘_‘31_ UCRL-19193

Fig. 6. A plot of the experimental and theoretical Q values
for 180° scattering ofrog by He gsfa function of initial
relati&e energy.‘ The closed‘circlés represént the
experimentally measured most probable Q values. The
hard sphere approximation fails ét all energies, the
conventionai.classical apprdximation fails at high
energies, while the refined impulse appfoximation is

reasonably accurate at all'energies.
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Fig. 7. A contour map of the'speCific intensity of not
| \ scattered from He blottéd'as a function of the
velgcity in the center;of~mass coordinate system.

.vThe small open circles give the lo¢ationé of the
intensity maximé determined experimentally. 'Thé
‘largest closed dots give the locus of elastically
fscattefed NO+;vthe smallest éloéed dots give the | i

g 1bcus of'inelastically séattefed NO+,és predicted

'by the hard sphere impulse model, andithe intermediate

sized dots'represent tﬁe-pfedictions of the primitive

modified wave number méthod.




LEGAL NOTICE

This report was prepared as an account of Government sponsored work.
Neither the United States, nor the Commission, nor any person acting on
behalf of the Commission:

A. Makes any warranty or representation, expressed or implied, with
respect to the accuracy, completeness, or usefulness of the informa-
tion contained in this report, or that the use of any information,
apparatus, method, or process disclosed in this report may not in-
fringe privately owned rights; or

B. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of any information, apparatus, method, or
process disclosed in this report.

As used in the above, 'person acting on behalf of the Commission”
includes any employee or contractor of the Commission, or employee of
such contractor, to the extent that such employee or contractor of the
Commission, or employee of such contractor prepares, disseminates, or pro-
vides access to, any information pursuant to his employment or contract
with the Commission, or his employment with such contractor.
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