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LARGE ANCLI INELASTIL QLATTLRIVG OT Na by D2

1William L. Dimpflvand Bruce H. Mahan
Department ofﬁChemistry, and Inorganic Materials

Research Division of the Lawrence Berkeley Laboratory,
University of California, Berkeley, California 94720

 ABSTRACT

We tepOrt measurements of‘the-inelastieity of the f
large'angle scattering of .Na* by DZ’ HD,.and.Hz' in.the,f
initial relative energy range 0.74 - 16.9 eV. The inter-

- pretation of thelyibtational inelasticity.leads to the
conclusion that,perpendicular_(sz).tather than collinear
conformationsvpf.the Na® r,Dzv system produee the most
intense inelastic scattering. The results of exact
claSSical trajsctory eal;ulationsrwhich elucidate the
'effects ef‘oscillator orientation and internal potential
functlon ‘on the 1ne1ast1c1ty of collisions are presented

By f1tt1ng the calculated 1nelast1c1t1es to the expellmental
l data, we have‘deduced both the energy and length parameters
of.a.two term exponentialjrepuléive'potential‘fOr thls

¢

" systenm.



Ion beam scattering techniques have been notably effective
in elucidating the nature of vibrationally inelastic molecular
collisions. 1In the earliest published experiment of this type,

Gentry, Gislason, Mahan, and Tsao1 measured the complete angular
dlstrlbutleh“e%htﬁeuylbtetlonal retatlonal 1nclast1c1ty in
collisions- of N2  with He. Subsequent experiments from the
same iaboratory gave'compiete velocity veetof.distributions for
the inelastic scattering of 02+--and NOfA byj He at a number
of.initﬁal-reletive energies.2 fInterpretation of these experi-
ments led to the refined impuise'approximations_aslthe correct
,c1a551ca1 expre551on for the vibrational inelasticity in
collinear collisions near the impulse 11m1t. |

. Moore and Doerlng4 were the flrst to resolve the excitation
of discrete vibrational levels in their expefihcnts on small
angie, high energy scattering of Hf and 4H2+ 2>
ahd_ sz A more extensiye investigation of the H' - H2 system
5

from HZ’ D
by Herrero and Doering hés since appeared, and these authors
also have réportedévthe.observation‘of superelastic collisions
ofvvibtationally.eXcited ‘H2+ with.several targets. Udseth,
Giese, and'Gentry7 measured the differential cross sections for
exeitation of resolved viBtational states in the " - H2
system at low felative energy (10 eV) and scattering angles.
smeller than the rainbow angle. Subsequently, a much more‘
extensive investigatioh of the system has been completed by‘

these authors.-8

Moran and Cosby9 reported the detection of vibrational

inelasticity in the Ar' - D2 system in 1969, and‘subsequently,.



_of vNafr from . HZ and 'DZ were publlshed in a second paper

*relatlve energ1es Toennles and coworkers

',serles of 1nvest1gat1ons of the scatterlng of L1 by H

Cosby and Moran,10 and Petty and Morant? published their

investigations of the small angle inelastic Scattcring in the

0," - ar, ot - 0

excitation to 1nd1v1dua1 v1brat10na1 levels was resolved, and the

55 and co* - Ar systems. In these-studies, the -

'angular and energy dependence of the 1ne1ast1c colllslon

probab111ty determined.

The alka11 metal ions in collision W1th H,, D and HD

20 T2
should . be partlcularly 1nformat1ve systems for the study of

'colllslonal ;nelast1c1ty because both collision partners have

. closed electronic shells, and»all possible electronic excitations

and chem1ca1 reactlons are quite endoerglc Experiments on the

1arge angle scatterlng of K" by H2 and D,. were reported by

Z

12 in’ 1968 and a more complete description of

D1ttner and Datz

these experiments,'together with some rcsults on the scatter1ng
< 13
14,15

Van Dop; Boerboom, and Los™"? also have studled the scattering

‘of K" from H, and D,, w1th partlcular empha51s on h1gher

16-18 have made a

29 and

' .1n the most recent results, have detected the resolved exc1tat10n_

of H2 to 1ts first three excited v1brat10nal levels.
In view of the- attractlve 51mp11c1ty of the alka11 ion-
hydrogen molecule systems and in response‘to certain apparent

dlfferences in the behav1or-of'the ’Li+ - H and K+.- D

2 2
12,16

systems as'initially reported; we,undertook,the scattering

of ,Na+. by D2 "at large angles using an experimental technique

12,13

differing from that employed by Dittner and Datz and Toennies



16-18 e report our experimental results here,

and coworkers.
and 1nterpret them in terms of a model whlch is 51gn1f1cant1y

different from those which have been employed in the past.
Apparatus and Procedure

A dlagram of the apparatus used in these experlments is
shown 1an1g. 1. The ion gun is based on the de51gn of Haskell

Heinz, and Lorents.t®

+Ions are emltted from a heated button of
alkali aluminofsilicate, accelerated, centeredfand focused onto
the‘entranCe aperture of an ion energy seiector of the 127° |
electrostatic deflection type.. The latter is similar to the
design.of Marmet:and Kerwin,zo and employs concentric cyllndrlcal
grids (200 lines/in,560% transm1551on) to effect the ion de-
fiection - A Faraday cup is p051t10ned d1rect1y opp051te the
entrance aperture of the selector, so that the ion beam 1nten51ty
A before energy;ana1y51s can be optlmlzed,by adJustment of theilon'
qun. . _ _ ,. : .
| The energy selector was operated at a resolution of 3% of
the energy'of the:beam in the'selector.' The transmission of the”
,selector was satlsfactory when the ion energy in the selector
was 4 eV or greater. Focu51ng requlrements connected with the

subsequent acceleratlon of the energy selected 1ons made it .

1mpract1cal to pass the ions through the energy selector at

less than 10% of their final laboratory energy in the scattering

region. Thus the laboratory energy spread of the unscattered beam

was never less than 0.12 eV FWHM.




After leaving the energy sclector, the ion beam was
accelerated and focused into the scattering cell by a three
element ‘aperture lens designed by using the results of Imhof

21

and Read. 'The scattering cell has fixed_entrance and exit

' apertureé,<;;:éui;_;catte;ing at 165 + 1.0;. in the iaboratoryA’
'is ebserved.' The cell_was machined from.stainless steel and

" was enclosed.by'a liquid nitrogen cooled copper jacket. The
'operating temperature of the cell was -1775C: mhich considerably
decreased the loss in resolution Wthh results from the thermal
motion of the scattering gas.

_ The:euergy distribution of'the ions leaving the scattering
cell was measured with an eiectrostatic energy analyser uhich
uasvin 1arge measure identical to the ien energy selector. In
_maklng a scan of the energy spectrum of +he scattered 1ons,‘a |
.ithree element aperture lens was used to accelerate or decelerate
1ons:to a fixed k1net1c energy which was-passed'by the energy
rvanaiyser..cThe;ions which had been scattered through 180° in
hthe'ceuter-OfﬂmaSS coordiuate system were of primary interest;
and‘had lower‘kinetic.ehergy in the laboratory than the un- |
| scattered'beamg in early experiments, observation of the back-
scattered iomns uas 1mpeded by a background wh1ch resulted from
scatterlng of the primary beam from the outer deflecting grid
of the electrostatic energy analyser, To av01d_this difflculty;
a 25 x 2.5 mm slot was cut in this grid; and this allowed the
fast beam ions to leave the deflector region unimpeded. The
| distorthn of the deflectlng field which resulted from this slot
was minimized by adjusting the potcntial ofvanother concentric

grid of larger radius.



The ions passed by the energy analyser were accelerated into.

a Bendix Model 4028 Channeltron Electron Multiplier. A nickel
mesh was used to prevent penetration of the cathode potential of
the multiplier into the energy analySer region iA Small flag

electrode could be p051t10ned in front of the analyser ex1t Sllt

whlch allowed‘observatlon of unscattered beam w1thout overloadlng'

the electron mult1pl1er. Pulses from the multlpller were sent

\P‘

to a’ scaler teletype system or to'a»drgltalrto-analoo ‘converter

and X-Y recorder. Elastlc scatterlng from he11um was used to

calibrate the ‘ion energy scale in the v1c1n1ty of l80°;§scatter1ng

in the barycentrlc system

‘"The entire ion source, cell, and detection system,was
mounted on the liddof a 10?inch stainless.steel vacuum can. The
system was pumped by a 6-inch oil diffusion pump protected by a
11qu1d n1trogen cooled baffle, and was baked at 125 C for 12
| hours prlor to- exper1ments. ‘This resulted 1n a pressure of less-

than -l0'7 Torr, and. stable electrlcal operatlon.-

Experimental Results

dAs'has been explained:in detail a number of times2’13’16:
'when a heavy pro;ectllevas‘scattered from a, llght target gas
molecule a- scatterlng angle of. 0° -in the-laboratory corres-
ponds both to .0° (forward) and. 180°‘(backward) scattering in

the center-of-mass coordinate system. The collisions which
produce scattering at and near 180° have small impact parameters,
and are expected to produce the greatest vibrational inelasticity

in a system where the attractive part of the intermolecular . -

Potential“fgiweak. Thus, the scattering of bNaffﬂéﬁ&"Déw;“ A

P . P T4
it
o




‘less sat1sfactory than those from the Na* - D

through’a barycentric angle of 180° was studied in the relative
energy range from 0.74 to 16.9 eV. The value of the inelas-
ticity AE at the intensity peak of the energy spectrum of the

backscattered Na 1s glven 1n Table I as a functlon of the

initiallrelatiVe energy. A few experlments were performed using
HZ and HD »as target molecules, and thevresnlts of these are also
included in Table I. Because of the effects of increased target |
gas motlon, poorer resolution in the barycentrlc system, and the
absence of a conven1ent target gas to ca11brate the energy scale
accurately, the results from these last two systems were somewhat
2 experiments.
In Fig. 2, we show examples of the energy spectra of Na

~scattered from D2 at two different 1n1t1a1 relatlve energies.

For .comparison, the corresponding elastic scattering of Na* from
He 1is shown, At the lower 1n1t1a1 relative energy of 11.8 eV,
Na+ recoiling from D2 has its intensity maximum at a laboratory
energy slightly greater than the position which corresponds to

elastic scattering. Since higher laboratory energies correspond

- to inelastic scattering in this angular region, the maximum in

the curve corresponds to a relatively small inelasticity, 1.1 ev.

In:addition, comparison'of-the scattering of “Na' from D, with

“that from He “shows that in the former case there is very signi-
ficant broadening of the peak in the direction of inelastic

scattering.

The inelastic scattering of Na* from D, is more evident

in the data taken at the higher relative energy_of 16.30 eV, as



is shown in Fig.der vHere both thefdiéblacement of ‘the intensity
maximum from the‘value expected fnrﬂeiaétic_scattering and the
asymmetrie broadening in the direction of inelastic scattering

are quite pronounced. As the initial_relative’energy 1s increased
still further both these features beCome more obvious'

It should be noted that there is a small amount of asymmetrlc

broadening of the dlstrlbutlon of Na* scattered'by: He, even
'though on1y=e1ast1c‘scatter1ng can be expected in this cése.

This effect is_attributable to the finite angular resolution of
our apperatus, since ions elastically scattered through barycentric
angles slightly less'than :180° will, if detected, éppear to have
a larger iaboratory veldcity and smaller relative velocity than
true elastlc scatterlng at 180° | '

The 1ne1ast1c1t1es found in thls research are 1n very good

agreement w1th those reported by Schottler22 in the energy range

(8 - 17 eV),;emmqn to both experiments. Thls agreement is partl-.
eularly significdnt'in'view_of the different experlmentaly' |
.techniquee'used to anaiyze the scattered ion energf. The
.inelasticities_reported by Dittner and_'Datz13 for this system are
somewhatvgreater in the high relative energyb(Z - 15 eV) regime

than thoee fbund in this research andﬂby Schb’ttler.22 At lowerd

relative energles, the inelasticities of D1ttner and Datz

con51derably exceed our results and those of Schottler.,
Discussion

In the past v1brat10na1 1ne1ast1c1ty has: been discussed in

terms of quantum mcchanlcal and c1a551ca1 models which have thelr _




orlglhs in the work of Jackson and Mott, 23 Zéner;24 and Landau
and Teller. 25 In these models; it is assumed that an atom A
strikes the atom B of a dlatomlc molecule BC while the system.
maintains a collinear arrangement'throughout the collision. It
~is also asshmed that while the A-B interaction occurs, the BC
distance remains -constant. lThis "static oscillator” épproﬁimation

26 in wh1ch colllnearlty

is also a feature of a more recent'modei
'is not assumed. Thus, although the 51gn1f1cance of this fact
has only fairly recently been‘recognlzed,3 v1brat10na1 energy
transfer modeis.of the-Landau-Teller (L-T) fype are based on an
impulse apprdximation to thefexact molecular mechanics.

The implicit impulse approximation in :L-T -models'limits'
~the Tange of mass combinations for which these models are.
numer’ca‘ly ac curate and'physically realiétié. "Kelley and

27

Wolfsberg”’ showed that the mass parameter

m = AC/BM

lwas4a cdnvenient‘indicatOr of the success to be expected,from'thehl
‘LfT. model. Here A, B, and C stand for thefmassésrof the atoms;
and M is_the'total:mass. For values of. m greater than 0.25,
exact classical trajectory ca1cu1ationS showéd that considerable
compressibn of the oscillator occurs during coilinearvcollisions,
and the exact energy tfansferred to Vibfation was less than that
~computed using the L-T model. This observation remains valid
even when the corrected version of this model 3 .the."refined
1mpulse approx1mat10n" is used. For the Na' - Dzv system, .

m = 0.8519, so the static oscillator or Jmpulse models of
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collincar collisions can not be an adequate basis for discussion

of the experimental results of the experiments reported here.

In view of the prevalence of indiscriminate applications of .

L-T based theories to experimental data, it is worth exploring

‘the following very 51mp1e model Wthh shows clearly why the

static oscillator approx1mat10n can not be expected to be accurate

for syStemsbwhich have'large values of the mass parameter ‘m.
The model also leads us to a preferable means of 1nterpret1ng our
exper1menta1 data |

As is well-known,zs'the relative k1net1c energy T of a
collinear triatomic system can be written in the dlagonallzed

form

r-1 (B+C) &2+ 1Y

where the codfdinates X and Y are related to the internuclear

distanees. Tag» TAC hy

X = Tp * B+ 'BCS .Y | ch/a

= A(B+C)%/BCM.

0
[

‘When X and Y are used as Cartesian coordinates and the

potential energy V(X Y) is plotted in the third dimension a

mass particle slldlng ‘without friction on the potentlal energy. surface .

will execute a motlon which is the correct representatlon of the
actual dynamics of the three atom collinear collision. Also, in

the X, Y coordinate system, lines of constant and r

| TAB AC
‘intcrsect at an internal angle B, which is given implicitly by
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=

h

tan B

1
m’

>
(e

Thus the potentialvenergy surface for a diatomic molecule BC

bound-by'a'sqoare well potential'and interacting with A via a

- hard sphere potential has "the appéarance illustrated in Fig. 3a.

The exact trajectory followed by the representative particle

- for this simple system*conSists‘of an initial 1eg parallel to the

X- ax1s (if 1n1t1a11y %BC 0), followed by seoments generated

‘by specular reflection off the walls as they are encountered.

Reference ‘to Fig. 3a shows that when the angle B is large (and
m small)'the.outgoing leg of the tralectory will be nearlybb
parailel to the‘incoming‘ieg That is, Tge changes very 1little
durlng the time that the three atoms are close. This is just the
c1rcumstance under which static oscillator or 1mpulse models
employing more realistic potential energy surfaces are reasonably

accurate. For the hard sphere-square well osc111ator system,

‘the geometry of Fig. 3a 1eads to the follow1ng 51mple expression

for the vibrational 1ne1ast1c1ty AE in terms of the initial

‘relative energy Bf,vand the mass distribution parameter B8:

- %§>='sin2(26) = 4A%CM ‘,2 . . (1)
T | (A+B)“(B+C)" SR

'This is also high energy limit of the refined impulse approximation.

One can also see from Fig; 3a that if B is small (m 1large),
the initial A-B interaction will induce a very substantial

compressive motion in the oscillator, and this invalidates the

"impulse models for such systems. In fact, when B 1is less than

52° (mv> 0.6104) a second hard sphere interaction between A and B

3
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will occur beforeAthe system separates. For even smaller values
of B8, three or more_such interactions will occur as the atom B
.oscillates'between A and C. This multiple oollision phenomenon
has been dlscussed by Benson and coworkers 29 and by Secrest. 30
The compllcat1ons of the traJectory that are assoc1ated with
small values of B are most extreme for the colllnear colllslons
discussed here. However even for non- colllnear colllslons,
"statlc osc111ator models are of doubtful va11d1ty when B is
small. .In these circumstances, the 1n1t1a1_1nteractlon of the
atoms A and B.musteimmedietely induce some form of motion, either
vibrational ortrotationel, in the diatomic BC. Corisequently, the
forces during the outgoing leg of the trajectory may be quite
different from those during the'inComing 1eg,.and the static
oscillator approximatioh can not be reliable Thus,. for example,

the epplicat’ionlo’11 of the oriented osc111ator model of Sh1n26

to scatteringiin the .02+ - Ar and co' - Ar: systems (BlE.SS )
seems'inaﬁpropriate. Since B is 47.3° for the Na' - Dé .
system, it is clear that a collinear impulse model can not be‘v
applied to thlS system.

There 1s another factor whlch precludes the appllcatlon of
Landau-Teller type models to our exper1menta1 work. The
assumption that the collinear arrangement df etoms leads‘to the
most effective transfer‘of ehergy into vibration is not necessarily
correct. The recent classical trajectory calculatlons of Kelley

31 show that for zero 1mpact parameter collisions of

and Wolfsberg
systems with'small values of g, the dependence of the exact
inclasticity on the angle between the axis of:the diatomic

molecule and the relative velocity vector can be quite complicated,
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‘and the inelesticity is not iﬁ general a maximum for the colliﬁear
arrangemenf.i In additionb there is the 1mportant fact that the
probablllty of f1nd1ng a d1atom1c molecule orlented such that its
axis makes ‘an angle 8 -with the d1rect10n of the relative
veloc1ty vector is proport10na1 to sine.‘lConsequently, collinear
and near colllnear coll;51ons occur'most infrequently;~ Thﬁs if
collisions in which o is near 906A(broedside eellisiens) have
associated w1th them apprec1ab1e 1ne1ast1c1ty, they may 1ndeed
'make the dominant contrlbutlon to the energy transfer rate.

An indication of the p0551b1el1mportance of broadside-
collisions with zero impact parameter can be.gleaned from a
simple.hard éphere~quare_we11 oscillator model. I1f the
diatomic molecule is homonuclear (B = C) and if the atom A
.approeches it with zero impaet parameter and with the relativef
velocity vector perpendicular to the molecular-axié,_thep
throughout the?collision the molecule wili ﬁeintain this
brientatioh, and the motion can again be described in terﬁS’ef
just the two coordinates X and Y. Let the A-B separation at
which their hard sphere repulsion occurs be called d. Then
rhe>equation for the repulsive wall betweenvA and lein X-Y
space is | |
where a‘2 is defined as ih»the’collinear problem, but for this_
hdmonuclear case has the value 4A/(A + 2B); The physically
sigﬁificant pert‘of this ellipse is shown in Fig. 3b. 1In the

region of small Y, it is cut off by the fihite hard sphere
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distance of closest approach of the two B atoms. At larger
values of Y, the ellipse may or may not intersect a line of
constant Y which corresponds to the outer lip of the oscillator

square well potential.

If the diatomic is 1n1t1a11y not V1brat1ng, the flrst-leg
of the traJectory of a representatlve particle on this surface
is parallel}to the X-axis; as ihdicated in_Fig. 35. Specuiar
reflection of the representetive particle‘octurs when the
traJectory reaches the e111pt1cal wall that represents the hard
sphere interaction of atom ‘A with the two B_atoms. If the
slope of the elllpse at this p01nt is _tany; ahd if there are no
further encounters with the elliptical wall, then a simple
argument ehows that the change iﬁ’the vibrational energy of the
oscillator is given by

AE
Er

= sinztzn o : (2)

which is the exact analog of Eq. (1).
. The slope of the ellipse at Ye, value of Y at the

equilibrium internuclear'diStance'of the diatomic molecule, is

', ' - 2
4X 4 d.2 a

tany = - —== = - — 2" - 51
o a’Y, a | e ]

This expression shows that the excitation energy will be deter—-
mined by the mass factors tohtained in the quantity az, and in_ :'
addition, the 51ze of atom A relative to the 1nternuc1ear
separatlon of the diatomic at the time of 1mpact _ ThlS latter
point is an 1mportant depalture flom the c0111near case, wherce

the size of atom A has no effect on the 1ne1a§t1c1ty 27
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From this simple hard sphere model it is possible to deduce

that broadside collisions should increase in importance as the

_rélative energy 1is raised. 1If the hard sphere size parameter d

is regarded as energy dependent, decreasing as the relative

collision energY'incfeaées, then in the limitvéf-iow ené}éf

d/Ye >> 1. Consequently, y approaches'_90°,,essentia11y no
force is exerted along the axis of the diatomic molecule; and

the inelasticity of the collision approaches zero. As the-energy
is-faiégd, d/Ye 'decreases, and vy increases and approaches

1356; At this point A"E/Er will be unity,’if'multiple collision

‘effects which result from the contraction of the oscillator are

- avoided. If the initial relative energy and the inelasticity are

great enough So that dissociétion of the oscillator occurs as a
result of the first interaction with A, thése’multiple céilision
effects‘in_féct will be avoided. ‘At very higH energies, the
effective size pafameter_ d will be such that Y approaches
180°, and. AE/Er:»again tends toward zero.  E$timates of thé hard
sphere'parameter for the Na' - D, system suggest that in the
range of-relativé'energies employed in our‘expériment, the |

fractional inelasticity AE/Er should be an increasing function

-of the initial relative energy, while the fractional inelasticity

for collinear and nearly coliinear-COllisibns should be energy

independent in thé-hard Sphere approximation. Thus'broadside

- collisions are very likely to be most important in the higher

energy regime.
While the hard sphere models are convenient and valuable
guidcévtq the physical descfiption of collisions, an interpreta-

tion of the experimental results requires an understanding of
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the behavior of the system under a more realistic interaction
. potential. Accordingly, we have made exact classical trajectory
calculations in order to evaluate the inelasticity as a function

of relative energy for collinear and broadside collisions. The

interaction potential between the external.atom A and the diatomic

was taken to be . ' | ,". _ .
V- A'[exp(-T4p/1) + exp_(-r'A(':/L)_:]_ o (3

whefe‘ A' is an energy parameter, and L is a length parameter;
Thié ”dumbbeil” potential is perhaps tHe simplest that has any
claim to realism, and haé'qnalititive.feétufés»which.are similar
to some diéplayed by the Lit - HZ poteﬁtiai'talculated by ab
32

initio SCF techniques. The internal potential energy of the

diatomic¢ molecule was taken to be either the harmonic

Ve < 7 k(ar)

or Morse

V = D{1 - eXp[-a(Ar)]}z :

BC

-potenfial. .Here Ar is the deviation‘pf the internuclear
distance from.its equilibrium value, k is the.force'Constant_

for hydrogen (5,725_md/Z), D is the dissociation enefgy (4.748 eV)
h
27,31

and o is the standard Morse parameter for hfdrogen (1;944 A

The calculations were carried out using standard procedurés;
with a step'size small ehough so that the fﬁtal.energy'was con-

served to within 0.01%. The initial conditions were such that
the target molccule was neither rotating nof had any vibrational

motion.
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Thé results of the calculations of the inélasticity as a
function of-ih}tial relative energy for collinear collisions of
Na® with DZ are shown in Fig. 4. The potehtial parameters'
chosen for theée exploratory calculations were A' = 384 eV and
L = 0.247 Z;_Qalues}cdnsistént with predictions-of Amdur

13

reported by'Dittner'énd Datz. There is a vefy large difference

in the inelasticities displayed by the harmonic and Morse

oscillators, an effect which was briefly noted previously by
Kelley and'Wol'fsberg.27 The origin of this difference is

suggested by the complete trajectories disﬁlayed in Fig. 5. On

‘the harmonic oscillator surface, the path of minimum potential

energy (the adiabatic path) is noticeably curved. Consequentiy;
the initial straight line motion of the representative particle

carries it away from the adiabatic path where it experiences

‘forces which lead to compression of the oscillator. . The rather

1 soft'harmonigrrepulsion between the two atoms of the. D,

molecule allows this compréésion and the resulting re-expénsion.
to'occur without substantial transfer of energy back into relative

translation,»and the collision is rather inelaétic,_although

“less inelastic than a refined impulse calculation

(AE = 3.3}eV at.Er = 10 eV)_wou1d have suggeSted.f

In contrast, the adiabatic path on the Morse oscillator

“surface is not‘strbngly curved, and small deviations from it

produce large increases in the potential energy. Consequently,
the trajectory of the fepresentative particle remains close to
the adiabatic path, and crosses the equipotential lines at nearly

normal incidence. The result is a rather small inclasticity.
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Iffis clear that these effectsvof the oscillator pOtential.on the
inelasticity are apt'to_be most impOrtant:fof.systems in which the
mass parameter is large and the relative energy is high, since
under these conditions cbmpresSiQn of the éscillator during the
collision may be most s_igﬁificéntc.v e e e i i m i _ .

| The results for the calculated inélasti;ities of broadside
collisions:are shown in Fig. 6.° Two major features are immediately
apparent. OVer'much of the relative. energy range, the ineiasticities
for the Morse oscillator ére roughly an order of magnitude greater
for the broadside apprdécﬁ than for the cdrrésponding.collinéar-
collision of Fig. 4, Iq;additiqn, the qifférenées'between'the Morse
and harmonic oscillators are not asvgreatjas was.true.for the
collinear‘case, and for the broadside case,'fhé more realistic
Morse potential leads to a greater inelastiéify than does the
harmonic-potehtial. |

'Also'shdwn-in Fig. 6 are the predictionsvof an approximaté
analytical model . for the inelasticity of brdadside collisions with
an harmonic oscillator. The model is the difect_analog of the.
refined impulse model for collinear coliisions; and is derived in 3
Adétail in the appendix} While not particulériy éccurate for the
mass cbmbihation used here, it can be used~éffectivé1y to eStiﬁéte
the inelasticities for broadside collisions in which the mass
parameter  m:'is'small, |

~ The reéson for the ihcreased inelasticity associated withA
the Morse dsciilator is evident in the trajécfories displayed in
Fig. 7. fn bbth the Morse and the harmonic cases, the collision
initially forces an expahsion of thé_osciliatdr as the trajectory

nears 1its turning point at small X. However; due to the rclatively

<~
i)
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éonfined'OSCiilétion in the harmonic case, sbmé of the energy
transférred to the oscillator in the initial étage'of-the colli-
‘'sion is trgnsferred back to translation as the collision partners
start to separate. In contrast, as the Morse.bscillator-éxpénds,
it encounte;;-;m;g;é;;iéi"energy,Qﬂich'riséé rather glowly, aﬁd |
the energy initiallyvimparted to it is rétainéd_as kinetic energy
and sléwly inéreasing potential"energy. The cbntraction of the
oscillator does not occur until the collisipn;partners are well
sebafatcd, so the return of the oscillator énergy to tfanslation
is minimized. N

The foregoiﬁg calculations make obvious the importance to
the energy’transfér procesS’ofvcollisions in which.the diatomic
.molecule is perpendicular to the relative veidcity vector. It
is also important to assess the importancé'df molecular orientaticns
'intérmediaté between perpendicular and collinéar."Figure-8 gives |
the results of calculations in which the impact parameter was
. kept constént‘at zero while the initial orientation angle 6
bétweén the-relative~velocity vecfor and the molecular éxis was
varied. At each relative energy, a_substanfial range of
inelasticitie§ occurs} and it is clear that.fhe eﬁergy transfer
reaches a maXimum for orientation angles of the order‘of 15-20°f
The inelasticity'dvaOllisions in_whicﬁ thé orientation angle is
near 90° is a substantial fraction ofithebmgximum inelasticity
at small orientation angles, and increases in relative importance
as the collision energy is raised. |

Frbm.thé results of Fig. 8, one can cqnélude that the most

- - . ‘ +
probable inclastic process in the cnergy spectrum of Na
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scattered_ffom D2 comes fromvperpendicular cbllisions. While
orientation aﬁgles near 20° have the greatest inélastiéity, the
occurrence of such collisions must~be_weightéd wifh a small value
of sin6 (~073). More importanf, however,yis the fact that the
inelasticif?“i§"Emfébidly"varying'function'Of the ofiéntation‘
angle in this small angle‘region. Consequéntly, only a small

range of oriéntation angles contributes fo'the.intensity’of this
very inelastic scattering. In contfast, the inelaéticity is a
slowly'varyiﬁg,function-of orienfatioﬁ anglelnéar 6 = 90°, and
these lérge orientation angles have associated with them the
iargest values of ‘the :sine wéighting factor.: Thus a considerable
range of frequently occurring orientation angles give inelasticities
near that assdciated with perpendicular colliéionsf Moreover,

it is these nearly perpendicularbqrientatioﬁs that give scattering
to 180° in the barycehtric'systém when the impact parameter is
zéro. Thus, if thé most intense inelastic feature of the back-
scattering-in.the Na® - D, system is to be characterized in

terms of a simple two-dimehsionai picture,'a.perpendicular_
orientation-zero iﬁpact parameter model is most appropriate.

It is of interest to deduce the values of the potential
péraméters A' and 'L of Eq. (3) by'reproducing the ehergy
dependence of-the.most'probable inelasticity using'thé'Calculations
for zero impact parameter perpendicular collisions. lThevbest fit
of the calculated inelasticity to the experimental daté‘for the
Na® - D, systém is shown in Fig. 9. The pdtential‘parameters
for the curve shown are A' = 150 eV, and. 'L = 0.40 R. Since

completing our work, we have learned that Faubel and Tocnnies33




have analyzed~the'déta of.Sch6ttiér22 by‘U$ing the same
perpendicular_collision-Zero impact.parametérvmodel employed
‘here, and~obtain ‘A' = 100 eV and L = 0.454 Z for the
potential enérgy parameters. The similafity'of the conclusions
seems quite safisfactory.

’Tﬁe pérpendicular collision model proyides a way of
reprodﬁcing the energy dependenéé of the-mostipfbbable‘
inelasticity at large bafycentric angles, using reasonable
poténfial parameters. It_ié of iﬁtérest, therefore, to attempt
to:reproduce the full inelastic energy.spectrum by extending
the model. One possiblevprocedufe would be to calculate the
full angular and enérgy~distribution of the scattering, using
‘complete ciaésical trajectorie$ obtained froﬁ a full set of
?rOperly weightéd initial-conditions.~ Howéver;'this_procedure
WOuld produce faf'more_information than is_nééessary for
;omparisdﬁ Wiﬁh'the experimental data, whichﬁinVOlve scattering
at only'oné barcentric angle. Consequent1y5‘the following |
mdré efficient method was pursued. | |
| Consider an initially stationéry‘(nonvibfating, non-
fotating) target diatomic;molecule. The»orientatioh anglé
of the molecuiar axis with'respect to a refefehce liﬁe through
the molecular ;enter—Of-mass.and parallel to the initial |
rélative velocity veétor.is 6, and ¢ is;thé initial
azimuthal angle of thévprojectile,'meaéure&;frdm the piane
determined by-the.aforementioned reference line and the
molecular axis. The initial distance of the projectile from'

the reference line is the impact parameter b. Let S(0, €)

21
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be thc-inteﬁsity per unit extension in b, 6, and ¢, of the
scattered Na'  at the Iabor;tory angle O:vaﬁd iaboratory
energy €. \The variables 'O and € are,qu coufse, functions
of b, 6, and ¢. To calculate the scatteredﬂibn energy spectrum
at a_laboratofy anglé 0 = O, thé.duantifyifsté,-kb-Lig.h-ua-"“‘
function of..b; é, and ¢ must be'wéightéd'pfoperly_éﬁd summed
over all the vaiuesAof‘ b; 6, and ¢ which give scattering at
@ = 0 and various particular values of  €5 which we. shall call
E . The expféssion |

L e o ~

3(0,E;) = [ { [ 'S(0,e) 8[E -€(8,b,4)] H[A00(8,b,)]]
' Jolo Jo o L ‘
sine do d¢ bdb.'.,

formally'aCCOmplishes this summation. Here S(0, EL) is the
intensity of Na' at a nominal laboratory angle of zefo,'and a
particulaf laboratory energy ‘EL. The Heafiside function which

has the property

i
—
"o
v
o

H(x)

]
o
»
A
(=

_ H(x)_

is used to symboiize acceptance of only those scattered ions

which fail within the angular width A© of the detector, and the

Dirac &-function insures that only events which lead to the
laboratory ecnergy EL are counted.
The intensity distribution §(0, €) could be taken from a

full calculation of the scattering. However, since this function

(4)
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is needed only in the vicinity of 180° in the barycentric
system,.a.simplificatibﬁ is possible. For particular values of
the impact'parameter b and azimuthal angle ¢, a restricted

S(0, €) can be obtained from curves of the inelasticity as a

~ - - - o . e e - c— - -

function of the drieﬁtafibn angléi 8, such as the ones shown in
“Fig. 8 for b = 0, ¢ = 0. This restricted S(0, ) is in fact
proportional to the derivative d6/d(AE) which can be evaluatedl
from such abéurve.' If the inelasticity-oriéntation';urves were
aVailable fof'all values 6f b and ¢, the full function = S(0O, €)
couid be constructed. However, examination of sample trajectofies
shows that‘only.avsmall range of'impactrpafameters (0 < b < 0.15 R)
- gives scattering with the detector band paSS af.a'nominal bary-
centric angle of 180°.: 1In this small impact7ﬁarameter range,
the inelasticity is QUite insensitive to eifher the impact para-
meter or azimuthal éngle ¢. For example, at'ilo eV initial
relativé energy,'the‘maximum value of the inelasticity changes in
magnitudé By less than 10%, and the orientation angle 6 at
which this'maximum occurs changes by less thén-10° as the impact
parameter Varie§ frdm zero to vO.lS_R} Changes in the other
portions bffthe inelasticity-orientafion angie curve are sméller,'
and changes Whi;h occur at small values of ‘é are largely
compensated by opposite changes in thé ineiasticity which occur
at Suppleﬁentary values of e;" | | |

VSince inelaéticity is insensitiye to ¢ ~and b for small
b, Eq. 4 can be replaced by .

S(o, E() = _C(%_)z - S(e) §[E;- (e)]_;six1e de (5)

+

¢}
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where S(e) 1is evaluated using trajectories for which ¢ and b
are both zero. The constant C contains a‘pdrtial cross section
term and the laboratory angular resolutionf The square of the
ratio of the final laboratory Velocity v of Na' to its final
velocity u in the barycentri; systems enpérs as a result of
accouﬁfing for the change invthe angular béﬁdpass in the barycentric
system as thé,inelasticity Varies."When‘CEICulated ;uﬁerica11y,.
S(o, EL) has’the appearance of a histograﬁ,‘since the ineiésticityl
was calculated from a set of trajectories in which initial values
of 6 spaced by - 2.5° were used. This hiétogrém,,which assumes
effectively infinite energy resolution at the detector as well'as
no target gas motion or beam energy Spreéd, must be convoluted
with an apparatus energy resolution function before being compared
with experimental data. To effect this cénvoiution,‘an apparatus
function.derived'from the experimental e1asti¢ scattering'from

He was usedﬁ;. | . -

| >To_fihd éh optimum set of potential enérgy pafaméteré,.én
energy spectrum calculated using assumed values fdr A' and L

was compared with.expefimeﬁtal data, apprOpriéte adjustments to
the parameters made, and the calculations and comparison repeated.
Figure 10 shows examplés of the results of this fitting procedure.
In the right hand panels, the histograms obtaihed from the
trajectory calculation are shown. In the left hand panels, the
experimental data éppear together with the apparatus resolution
function and the calculated fit to the experimental data.‘ With

a single set of potential parameters, it was not possible to -fit

the scattered ion energy spéctrum exactly over the full rangc of

.
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initial relative energies. 'The'parameteré used in the calcula-

: ‘ o ° o
tions of Fig. 10 (A' = 65 eV, L = 0.55 A) represent a compromise
which fits both the intensity maximum and the inelastic tail

reasonably well over the fulllexperimental range of initial

relative energies. The‘ﬁost éppérént diécrepaﬁéy between the
calculation and experimentél'data occurs in the region of the
inelastic tail. Intensity in this very.ineléstic region results
from collisions in which the orientation angle 8 is of‘the order
.of 'Zoff'.Use of a.smaller value of the rahgcsparameter improves
théjfitvin this region, which suggésts that the interaction
potential is slightly stiffer for collinéaf than for pérpehdicular
conformations. - |

It should also be mentioﬁed that a fit tp.experimental data
was obtainedvfrom a set of calculations in which the impact
parameter._b as well as the orientation anglé & was varied.
The convoluted energy spectrum from the full two-dimensional
calcﬁlation wés virtually indistinguishable from the calculations
using onlyva zeTo impact parameter. Consequently, the simpler
procedure seems justified. | : o

Figure 11 shows a comparison of the calculated and experi-
mental inelastic spectrum for Na® - HD cbliiéions.' The
potential parameters used were those derived from the best fit
‘tobthe"Né+ --D2 data. Generally quife_safisfactory agreement-
between the calculafions and experiment 1is bbtained, élthough
the deviations in the regions of the inelastic tail.are quite
noticeable at the higher relétive energies;v'There are rather
significant differences between the mechanics‘of Na® - D, and

“o

Na® - HD collisions. Nearly collinear collisions in which the



26

atomic arrahgement is Na' - HD - are very inéiastic; appreciably
more sSo than the néarly.colliﬁcar Nat —'Dé éollisions,
Consequently, the.very inelastic tail is more prominent in the
Na® - HD ~experiments. Nearly collinear collisions of the tYpe
Na® - DH ﬂé;é‘bgi;mgiighzly greafér inelaéticity tﬁan do exaEt
perpendicular collisions, and consequently contribute to the
spectrumvin the region of'thé inteﬁsityvpeak,~ The fact_that'

despite these differences in the mechanics of the: D, and HD

2
syStems the same potential parameters reasonably reproduce the

~ experimental energy spectra re-enforces confidence in the derived

intermolecular potential.
In the model used to:fit the experimentai data, the zerd

'point oscillation present in real oscillators was ignored. It
can-pe argued that fdr high energy collisions, this procedure
mayjlead<to reasonable results, since it emphééizes the potential
energy surface in the'region’of the equilibriﬁm oscillator
distance, as does the Weighting deri?ed from the ground state
vibrational wavefunction; To explore this problem further,
trajectorieé were run in which the oscillafof*had the zero point
vibrationél energy, and several values of the initiallvibrational‘
phase were explored. A phase averaged intensity histogram was
calculated and compared with. one obtained without zéro point |
energy. Differences were evident which coﬁid iead in a full
analysis to differentlvalues of the potential parameters.
'However, it is not clear that-this classicél_pﬁase averaging
procedure is more appropfiate_than the procedﬁre which we have
followed. The question might be answcred by testing the effective-
ness of the potential we have derived in predicting the appearance

of resolved vibrational transitions.
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‘ The twb,sets'of_potenfial parameters Af;= 150 eV,

L = 0.40 3 -aqd  A' = 65 eV, L ;»0.55 R .dériQed-from this work
bracket the parameters A' = 100 eV, L = 0;454'3 found-By |
Faubel and Toennies. Although these three éctS'ofvparameters
may seem rather different,.the potentialsvto which they |
correspond are Virtuélly”identical in the réngé 9 - 18 ev,
=r

- TaAB BC

Na+v- D, separations tend to be large because the potentials

‘are small in this‘region. At high energy (>20 eV) and small

. - i . ) . ; - .‘ :
= 1.3 - 1.0 A. The fractional deviations at large

~separations (rAB =.rBC < IR) the potentials deViatevagain.
Howevér;bwithin the relétive energy range of our experiments,

the three potentials are QUite similar. This7set of experiments
seems to be the:first_in which both parameters ofban'exponential
repulsive potential have.been deduced from &ibrationglly'inelastic

scattering.
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APPENDIX

Consider zcro impact paramcter collisions of an atom A with
a homonuclear diatomic molecule BZ in the perpendicular

orientation shown in Fig. 3b. Let the total potential cnergy be

given by
-~ TTaB/L L 1 2
V= 2A'" e + 7‘k(Ar) ;

where Ar 1is the deviation of the diatomic internuclear separation

from its equilibrium value. Now if X, the separation of the

centers-of-mass of A and B, is such that 4X2*> rz, then we can

write
-2
T’

2 .
LIt xe gy

T, = (X

AB 8X

The Lagrange equation for the X-motion is in this approximation
2A"

3 L 2 ’ 2 B L
mX = 1 [eXP'(X * gf)/?] (1 - E}:) v (A1)

where S : o B

M = 2A B/(A + 2B).

Tﬁe last term fz/sxz in Eq;‘(Al) cén be drobped, since‘it is
much smaller than unity. '

If X, -iévfhe classical turning point;:iet x =X - Xes
and let Te :be the equilibrium'separation of the diatomic. In
the'exponentialvterm of Eq. (Al) let rz/BX: be replaced by -

rez/SXt. Then the approximate equation for the X motion is

digoe ADo/L (A2)
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where

A" = A'exp-[Xt + re_/SXt}/L-

or half the potential energy-at.thé turning'point. Now Eq. (A2)

“can be integrated to give

e'x/L = sech2 (vot/ZL) S o (A3)
where v is the initial relative velocity,: 
For:the Qscillator; the Lagrangebequation is

ar OrTe)  x/t | (A4)

- u(AY) + k(Ar) = - T 77X €

where u = B/2, the reduced mass of the oscillator. As a further
approximation, set x and Ar to zero in the pre-exponential
factor. Straightforward geometric considerations lead to the

’expressidn
re/xt:= -4/(; tany)_.

“where tany is the‘siope of the equipotentiai at the turning point-
as used-in‘Fig. 3b, and a = 4AB/(A + 2B).v Then Eq. (A4) becomes
ZA"

w(at) + k(ar) = HL ctny sech? (v t/2n) (AS)

Equation (AS) cbnstitutesAa driven oscillator problem, so the
energy transferred to'vibrétidnvcan be obtained in the usual
manner3 from the square of the Fourier transform. of the force.

The Tesult is

v 2 R : , o :
E _ ,16ctn”y v 2 Tl 2 2 .mwly o
= (5——7) (2A") (77—) csch (77—). (A6)
T a umvo : 0 (o]

(=2

B o
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But - 2A" is the potent1al energy at the turnlng point, and ‘is

given in terms of the lnltlal kinetic energy by

Wl 2 2
2A 7 m v, " sinvy.
Substitution into Eq. (A6) gives
" ME _ .. 2 .+ .mwLy2 mwl .
= sin® (2v) (59 ( _ (A7)

r -~ o Vo

hich is the exact analog‘of the refined impulée expression3 for
energy transfer in colllnear colllslons HGWever in thevpresent
problem the quantlty Y hls determlned not Just by the masses,
 but By tne ﬁotential energy.surface. | |

To use Eq. A7, y'.must be found. The pdtential_energy at

the turning point -Xt’ r, is

2A" =n2A"exp[-(th /SX )/L] 1/(l + ctn Y)
Make the substitution
T /X, = -4/a tany)
and rearrangement gives

v ‘2n(1+ctnzy)-zn(Er/2A')'
Xt = L [~ T ’
: s 1+ 2ctn”y

a

For small values of c¢tny, this becomes




2 ) '
_ctn‘y-ln(ﬁr/ZA')

1
2ctn’y
2

1 +
) a

e s ——————— L e E -

= . X
= -L &n TR

which may be solvéd by successive approximations to give X

and then tany.

t’
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Figure Captions

1 - A diagram of the alkali metal ion scattering apparatus.
A: Ion source assembly. B:‘ Liquid nitrogen,cooled copper |
clamp. C: Energy‘analyser. D: .Faradayvcup; E: Beam flag.
F: Cbanneltron detector. G: Scattering cell.y H: Ion B

energy.seleCtor.

2 Examples of the energy spectra of Na+‘scattered at a
barycentric angle of 180° from D2 and He; The abscisca

is the" laboratory energy of the scattered Va . The energy
scales have been adjusted by the amount 1nd1cated by u51ng
the calculated position of the elastic scatterlng from He

as a calibration point. - The vertical lines:indicate the
positions expected‘for elastic scattering, and the suspended
tic-marks located positions expected'for inelastic'SCattering

to the excited vibrational states of DZ‘

3 Potential energy surfaces for the COlllSlOn of a hard
sphere atom with a square- -well d1atom1c osc1llator. (a)
Collinear conformation. (b) Isosceles triangle conformation.

For definitions of the symbols, see the text.

4 The calculated inelasticity AE as a’function of initial
relative encrgy E for the collinear colllsions of Na with
DZ‘ Note that over most of the relative energy range, the,

inelast1C1ty calculated assuming an harmonic oscillator

potential for D2 is much greater than that calculated assuming

a Morse potential function. The external potential encrgy

o . ' . o
function is an exponential repulsion with L = 0.247 A,
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5 Skewed coordinate represcntations of the collinear

collisions of Na® with DZ “at 10 eV .initial relative
energy. The potential encrgy contours ate71abeled in eV,
taking the zero as the oscillator minimum at infinite atom--

‘diatom separatien:—-The-ordinate -r is scaled to give the

actual internuclear separation of D,.. (a)' Harmqnic potential

function for DZ,_inelasticityv AE = 2;07ﬂeV,_ (b) Morse'
bdtenﬁial_fﬁnction for D,, AE = 0.17 eV. ~In both cases,
the exbonential repulsiqnvof Eq. 3 is uSed; with A' = 384 eV
and vL'= 0.247'2. The dotted lines locate the adiabatic

path on each surface.

6 The.vibrational inelasticity AE as affunction of
iﬁiﬁial relative energy E. for the collisions of Na' with
Dz'ﬁin thc'isoscelcs'triangle conformation. :Exact results
are given for DZ treat¢d as a Morse and as an harmonic
oscillator. The predictions of the approkimate refined
impulsé model_described in the Appendix are also given. In

all cases the external potential of Eq. 3 was used with

. (-]
A' = 384 eV, and L = 0.247 A,

7 Exact‘trajectories for the collisions of Na* with DZ-

~in the isosceles triangle conformation. The ordinate is the

actual internuclear sepération of Dy, the abscissa is the
| , 2 The
initial relative energy was 10 eV in both cases, and the

separation of the centers of mass of Na' and D

external potential energy was that given by Eq. 3 with

) . o’ .
A" = 384 ¢V and L = 0.247 A. In panel (a);'Dz was taken



Fig.

Fig.

Fig.
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to be an harmonic oscillator, and the inelasticity AE = 1.61 eV.
2 is assumed to be a Morse oscillator, and the

In.panel (b) D.
inelasticity AE = 2.72 eV. Note that in the latter case the
oscillator does not contract until it is well Separated from

the ion. The opposite is true in the harmonic case.

8 | The ff%ctional inelasticity-vAE/Er.'as a fpnctioﬁ of the
.orientation.angle 8 betweeﬁ the  D2 intérﬁUcléar'axis and
the relative velocity vector. The impact_parémeter is zero,
the external.pptential is the same as in figs. 4r7, énd DZ‘
is taken to be a Morse oscillator. Note that the relative
importance of collisions near the perpendicular orientation

increases markedly with increasing initial relative energy.

9 Exact calculations of the vibrational inelasticity

(solid 1line) for the perpendiculér orientation-zero impact

parameter collision model fitted to the exﬁéfimentai‘data |

- for Na+_~_D2 collisions (squares). Deuterium was taken

to be a Morse oscillator. The potential péraméters of Eq. 3

. ’ (-]
which give this fit are A' = 150 eV and L = 0.40 A,

10 The fitting of the'complete calculated energy speétruﬁ

of scatteredv Na' td the experimental daté;;_(a) Initial
relative enefgy':7.41 eV. Iﬁ thevright hand'panél, the
hiétogram gives the distribution of energiés'of_ Na® calculated
from the zero impact parameter collision modél'with proper
weighting of molecular ofientations. In the left hand panel,
the convolution of theAhistogfam with the apparatus funétion_
(Fit) is compared with the experimental duta.(circlcs). The

curve labeled Na® - He is the experimental elastic scattering
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-are the.same as in Fig. 10. . N

-3-

from which the apparatus function was taken:v (b) A similar

aﬁalysis for collisions at’ 13.3 eV -initial rclativebencrgy;

11 The fitting of the calculatgdvenergy.Spbctra of Na’

L amw em e am e e e v - C e me - .

scattered from HD to the experimentalvdata fqr two values

"of the initial relative energy. The notation and procedure

4

\
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Table

nelasticities
from hydrogen

1

fbr

molccules.

S+
Na

backscattered

67

114,

Na® -1, | Na®-I1,
Exp.  Eg? B2 Ak Exp.  Ep - Ep  OF
No. (eV), (eV) (eV) “No. ;(eV) (eV) (eV)
77a  20. - 2.96  0.00 51 30, 2.40  0.23
41 20, 2.96  0.00 53 40.  3.20  0.08
42 25.  3.70  0.00 54 50.  4.00  0.22
77b 30. 4.44  0.00 55 60.  4.80 © 0.11
38 30. 4.44  -0.01 - |
37 30. 4.44  0.03
45 35. - 5.19  -0.01 ;
77¢ 40. -~ 5.93  0.07 Na®-HD
64a 40. . 5.93  .0.14 | |
46 40.  5.93 0.11 ‘Exp. - Eg Ep AE
64b 45, 6.67  0.20 No. . (eV)  (eV) (eV)
64c 50.  7.41  0.23 71 70. 8.08  0.68
49 - 50, - 7.41 _ 0.00 72" 80.  9.23.  0.38
644  55.  8.15  0.27 73 - 90. 10.38  0.62
59 - 60. 8.8  0.24 74 100.  11.54  0.69
64e 60. ~ 8.89 -0.42 75 110.  12.69  1.22
60 70, 10.37 . 0.63 78 130.  15.00  2.11
62 80. 11.85  1.10 79 . 150. 17.31 - 2.81
68 85. 12.59  1.20 81 ‘190, 21.92  5.79
63 90. 13.33  1.69 80 200, 23.08  7.48
69 90. 13.33 - 1.53 82 250,  28.85 12.78
70 95. 14.07  2.07 | |
65 100. 14.81  2.74
66 110.  16.30  -3.46
16. 89 3.92

—

. _ _ . .
Initial laboratory encrgy of Na

Initial relative energy

Cc

Most probable ineldsticity‘
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LEGAL NOTICE

This report was prepared -as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness -or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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