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ABSTRACT

This thesis is concerned with the study of van der Waals inter-
actions between He atoms and various atomic and molecular partners.
These studies involve measuring differential cross sections (DCS) for
scattering of thermal-energy crossed atomic and molecular beams.
Although this crossed-beams technique has been used extensively in the
past ten or so years, the accuracy with which it may be used to obtain
van der Waals potentials for highly quantum systems heretofore has not
been examined quantitatively. Under typical experimental conditions,
we show in Chapter 1 that the attractive minimum region of the potential
is determined to within about +10%. Howevér, this accuracy is
attained only when appropriately flexible interatomic potentials are
used in the iterative inversion procedures needed to obtain these
potentials from the DCS scattering measurements. Suitable para-
metric representations for the potential are those capable of effectively
decoupling the attractive minimum region from the adjacent regions of
the potential. This is particularly important for highly quantum systems
having shallow attractive minima, since this is the region most sensi-
tively probed by the elastic DCS. The related difficulty of non-
uniqueness for iteratively derived potential energy curves is circum-
vented by introducing these flexible parametric representations. The
range of interatomic distances actually sampled in the experiment is
found to be significantly wider than would be expected classically.

In Chapter 2, the above results find practical application in the
analysis of our measurements for He-Ar scattering. Using two very

different mathematical parameterizations having the appropriate
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flexibility to represent the He-Ar interaction, an accurate and substan-
tially model-independent potential is determined. This potential is
significantly more accurate than previously proposed ones. By further

using measurements of properties which are sensitive primarily to
repulsive interactions of He-Ar, its potential may now be considered
as well known for interatomic separations SZ. 4R (potential energies
Z0.15 eV). This potential provides an accurate description of all
available gas-phase data for the He-Ar system. The techniques used to
obtain it can easily be extended to the other He-rare gas pair potentials.

Later chapters in this thesis emphasize the van der Waals inter-
actions of He atoms with molecular partners, whose intermolecular
potentials are anisotropic. To be accurately represented, they should
therefore be parameterized in a dimensionality higher than one. The
importance of additional degrees of freedom is demonstrated to be
slight for small diatomic partners (N,, O,, CO and NO), for hydrides
(CH,, NH;, H,0), and even for large but highly symmetric molecules
(SF;). In Chapter 3, the small anisotropic contributions to the He-
diatomic intermolecular potentials are determined, using a model in
which the locus bf the attractive minimum position is represented by an
ellipse. In Chapter 4, anisotropies in the He-hydrides and He-SF
potentials are ignored, maintaining nonetheless a good description of
the DCS's for these scattering partners.
Chapter 5 presents a brief study of the He-CO, van der Waals

potential, which is sufficiently anisotropic to result in a scattering
pattern which cannot be fit with central-field models, even very flexible

ones. The anisotropic potential extracted from the experiment may be
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used to predict rotationally inelastic DCS's for thermal-energy

He-CO, collisions.
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Studies in the dynamics of atomic and molecular interactions
form a significant part of the current interest and research effort in
chemistry. The emphasis in many of these researches is on the
behavior of '""complicated' systems, in order to establish an under-
standing of chemical processes at a macroscopic level. The com-
plexity of these systems, that makes them so interesting in the first
place, often increases the difficulty of extracting information at the
microscopic (i.e., molecular) level of detail. Conversely, the desire
to extract such detailed information can frequently impose the restric-
tion that the systems be '"simple'' enough to allow clear identification of
its different aspects. These latter studies are pursued in the hope of
establishing a repertoire of detailed information and physical insight
which may then be suitably applied towards an understanding of more
complicated systems. In this way, our knowledge of complicated
chemical processes is increased through studies of simpler systems at
the microscopic level.

The microscopic properties examined in this thesis are the van
der Waals forces for atom-atom and atom-molecule interactions. For
uncharged systems composed of atoms and atomic (or molecular)
partners, these van der Waals forces are weakly attractive for large
interatomic (or intermolecular) separations, eventually becoming
repulsive for Sufficiently small separations. The long-range potential
energy arises from induced dipole-induced dipole dispersion inter-
actions; molecules with permanent (as opposed to induced) dipoles also
interact by induction forces with the atomic partner. These forces are

well understood from perturbation theory. The short-range repulsive
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forces resulting from electronic cloud overlap are as yet poorly under-
stood, however. Competition between the attractive and repulsive
forces gives rise to minima in the van der Waals potential energy
curves. Such minima are typically two or three orders of magnitude
smaller than chemical binding energies, and so do not give rise to
stable compounds at room temperature. Nevertheless, these weak
forces play a very important role in the understanding of physical and
chemical interactions. Van der Waals forces are responsible for the
critical phenomena of covalently-bonded compounds, and govern the
order or disorder of the condensed phases. Gas imperfection and
transport properties are also caused by the interactions between the
constituent gas particles. All these properties are macroscopic
phenomena, and are related to interatomic and intermolecular potential
energies (which are of course, properties of the system at a molecular
level), by statistical mechanics. This relationship has been employed
extensively in studies of interaction potentials by measurements of
what we will call '""bulk properties'. The detail with which the van der
Waals potentials may be characterized is inherently restricted in such
measurements by their statistical dependence on mqlecular-level
dynamics. Techniques to examine these properties more directly have
only recently become available.

In this thesis, van der Waals potentials are studied by scattering
in "crossed molecular beams'. Using them, atoms or molecules are
prepared, at least in the ideal case, with a speciﬁc set of properties
(rather than with a statistical distribution), and the results of individual

interactions are measured. The beams of atoms or molecules are
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allowed to intersect under conditions whereby the scattering of the
constituent atomic or molecular particles involve only single collisions
between them. The experiment consists of measuring, in a particular
angular direction, the number of particles scattered out of one of the
beams by the other beam. The resulting scattered intensity vs.
scattering angle curve, termed a '"differential cross section' (DCS),
owes its shape to the interaction potential between the collision partners,
and the conditions of the collision. At the thermal energies we use,
only elastic scattering is possible for atom-atom systems; rotationally
inelasticities may also occur in atom-molecule or molecule-molecule
systems. The detailed specification of the collision, as provided by the
crossed beams technique, allows us to peer behind the statistical
mechanical relationship between bulk properties and interatomic and
intermolecular potentials. Unfortunately however, the connection
between these potentials, and the quantities measured in crossed beams
experiments, remains very complicated. This is especially true of
the systems considered here, whose highly quantum mechanical nature
complicate physically intuitive insights.

Such physical insights provide a necessary ingredient in under-
standing the results of the scattering experiments. Chapter 1 is useful
in developing these insights, analyzing the correlation between
different features of the DCS and regions of the potential energy func-
tion. We also address the problem of presently being unable to obtain
the interaction potential directly from DCS measurements, having
instead to model it. Such models are usually parameterized on the

hasis of physically significant expectations for the model, and are then



adjusted until the resulting potential provides a satisfactory description
of the experimentally measured DCS. Disagreements between the
model predictions and the measurements would then directly refute the
adequacy of the assumed model. However, the converse is not true:
agreement between the experimental DCS and that calculated from the
model potential does not necessarily justify the assumed model. Only
a detailed understanding of the basis of interatomic and intermolecular
forces would allow them to be correctly modeled. Such detailed know-
ledge is, however, lacking for the region of the potential where the
balance between attractive and repulsive forces gives rise to van der
Waals attractive wells. Since the DCS experiments described in this
thesis are sensitive primarily to precisely this region of the potential,
the model used for it must be flexible enough to allow a description of
the actual interaction, even without knowing its specific form. Chapter
1 analyzes the flexibility of many of the models used to represent the
radial dependence of interatomic potentials. The results are used to
choose suitable mathematical parameterizations for our subsequent
analyses of DCS scattering data.

In Chapter 2 we present an experimental study of the He-Ar
interatomic potential. The He atom's low polarizability causes the
attractive well to be very shallow, even on the scale of van der Waals
forces. Consequently, the use of bulk property measurements are
limited primarily to characterizations of strongly repulsive inter-
actions. Conversely, the highly quantum nature of the system in-
herently limits the amount of spectroscopic information to be gained in

studying the He-Ar van der Waals ""molecule'. Thus, He-Ar provides
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an example of systems for which very detailed information about the
van der Waals attractive minimum may be obtained only by thermal
scattering experiments. Of course, other sources of information
complement the DCS measurements; in particular, bulk properties
allow the potential's extension for interatomic distances to which the
DCS's are insensitive.

Up to this point, we have considered interactions modeled by
potentials which depend only on the distance between the interacting
particles. This "'central field' assumption is quite valid for the He-Ar
atom-atom system, but the degree of its validity for atom-molecule
or molecule-molecule systems is not immediately apparent. In order
to test the validity of the central-field assumption, Chapters 3 and 4
are concerned with the analysis of He scattered by molecular partners.
These partners fall into two series: the diatomics N,, O,, CO and NO;
and the non-linear polyatomics CH,, NH,, H,O and SF,. As mentioned
earlier in this introduction, a necessary, but not necessarily suffi-
cient, condition for the validity of the central-field assumption is that
it must provide a good description of the measured DCS's. A more
direct test is provided by realistically introducing anisotropic inter-
actions into the intermolecular potential model. Improvements in the
description of the data may then be attributed to formerly neglecting
interactions which could not be described by the central-field assump-
tion. One particularly important aspect of any such improvement is
that rotational excitation or de-excitation of the molecular partner can
occur only if the interaction potential is anisotropic within the range of

intermolecular distances sampled in the experiment. The extent of
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any such anisotropic contributions to the interaction potential are
expected to become larger as the asphericity of the molecular partner
increases. Chapter 5, involving He-CO, scattering, is a brief study
concerned with preliminary findings of particular interest in this re-
gard. Because of the DCS's sensitivity to the rather large éspher-'
icity of the He-CQ, interaction potential, both its spherically sym-
metric and anisotropic components may be extracted from the experi-
ment. The anisotropic potential thus obtained should allow the rota-
tionally inelastic DCS to be calculated, even though it is not experi-
mentally resolved from the elastic DCS (the scattered beams were
not velocity-analyzed). Thus, a study of the extent of anisotropic
contributions to the van der Waals interaction potential provides de-
tailed, though somewhat indirect, information regarding the micro-
scopic exchange of translational and rotational energy.

The appendices include two additional papers, supplementing the
five which comprise the main body of the thesis. Appendix A is a brief
amalgamation of the He~Ar results from Chapters 1 and 2, and is pre-
sented as a convenient summary of these results. Appendix B con-
cerns the study of a third series of molecules scattered from He atoms:
the linear polyatomics CO,, N,O and C,N,. These were studied as an
expansion on the preliminary results of Chapter 5, and as an extension
of the diatomics series of Chapter 3, providing more examples of
highly anisotropic systems. This study is also a prelude to future
work on rotationally inelastic atom-molecule collisions. The last two
appendices detail technical aspects of the studies presented in this

thesis. Experimental characteristics (and quirks) are discussed
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briefly in Appendix C, where we also outline some plans for new work

in the immediate future of the crossed-beams project. In Appendix D,

we give a brief presentation of elastic scattering theory, and outline its

use in the experimental data analysis.
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Sensitivity of the elastic differential

cross section to the interatomic potential



1 [

Secattering of thermal He beams by crossed atomic and molecular beams.
1, Sengitivity of the elagtic differential cross section to the interatomic

Mark Keil?

and Aron Kuppermann

Arthur Amos Noyes Laboratory of Chemical Physics, c)

California Institute of Technology, Pasadena, California 91125

(Received 20 December 1977)

ABSTRACT

The ability of diffraction oscillations in atomic beam scattering experi-
ments to uniquely determine interatomic potentials for highly quantum
systems is examined. Assumed but realistic potentials are used to
generate, by scattering calculations and incorporation of random errors,
differential cross sections which are then treated as if they were
"experimental'' data. From these, attempts are made to recover the
initial potential by varying the parameters of assumed mathematical
forms different from the original one, until a best fit to the "experi-
mental'' results is obtained. It is found that the region of the interaction
potential around the van der Waals minimum is accurately determined

by the "measured' differential cross sections over a range of

a) This work was supported in part by a contract'(No. EY-76-S-03-1767)
from the Department of Energy. Report Code: CALT-T767P4-151.

o Work performed in partial fulfillment of the requirements for the
"Ph.D. in Chemistry at the California Institute of Technology.

¢) Contribution No. 5714.



o] i

interatomic separations significantly wider than would be expected
classically. It is also found, for collision energies at which the weakly
repulsive wall is appreciably sampled, that the SPF-Dunham and double
Morse-van der Waals types of potentials lead to accurate determinations
of the interatomic potential, whereas many other mathematical forms
do not. Analytical parameterizations most appropfiate for obtaining
accurate interatomic potentials from thermal DCS experiments, for a

given highly quantum system, may depend on the collision energy used.
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I INTRODUCTION

In recent years, interatomic potentials between closed-shell

1-3 However, the important

species have become better determined.
region of the van der Waals attractive minimum results from the
pbalance between the competing short- and long—rénge forces, making

its theoretical characterization more difficult than that of the adjacent
regions. 4 Various experimental techniques have also been used to
obtain potentials with increased reliability over specific ranges of inter-
atomic separations. Recently, a more unified approach has been
adopted in the use of various types of experimental data to determine a
potential curve describing the interaction over a wide range of separa-
tions. 3 The suitability of viria16’ T and transport coefficientsb’ Ty 8 data

b,9 for the determination of the potential
2¢,10

and of integral cross sections
has been examined elsewhere. In this paper we extend this exam-
ination to differential cross section (DCS) scattering data--exhibiting
rapid quantum oscillations and sometimes also a vestige of the classical
rainbow--which are widely regarded as a means of probing the attract-

2d,11 o sensitivity of

ive well and low-energy repulsive regions.
such DCS data to the interatomic potentials for highly quantum systems
may be significantly different from that indicated by classical or‘semi-
classical considerations, AL and heretofore has not been examined in
detail. In a subsequent pa.per12 (hereafter referred to as Paper II of
this series), we will analyze the results of our own recent measure-
ments of the He-Ar DCS, in light of the present discussion.

Although the He-Ar system has been studied previously by differ-

13,14 13

ential scattering, as well as by a wide variety of other techniques,
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considerable differences remain in the resulting potentials. In Sec. II
we discuss the limitations that many of these techniques have in deter-
mining interatomic potentials for light systems. We also describe
several parameterized potentials most commonly used for fitting '
experimental results which are sensitive to van der Waals interactions.
In Sec. III, we use realistic interaction potentials (corresponding
closely to, e.g., the He-Ar system) to

calculate simulated "experimental'' DCS's, to which the model potentials
of Sec. II are fit. We then compare the ""known'' potentials with the fitted
ones and discuss the results in terms of these various potential forms'
flexibility in fitting the DCS data, as well as the accuracy with which
each of these forms reproduce the ""correct' potentials. By additionally
simulating '"experimental data scatter' in the DCS's, we also determine
the accuracy with which each of the various stylized potentials may be
ohtained. We concur with Bickes and Bernstein15 that the SPF-Dunham

16-19

(SPFD) potential is a simple analytical representation that can be

used to reproduce the potential and can easily be used for the analysis

s In Sec. IV we extend (for light

of various kinds of experimental data.
systems) their examination of the SPFD potential form, demonstrating
the uniqueness of the potential as obtained by an improved regression
procedure. We similarly analyze the suitability of a new double Morse-
van der Waals (M’SV) type of mathematical parameterization, which
has a flexibility comparable to that of the SPFD potential form. We
further determine the range of interatomic separations to which the

DCS data are sensitive. This range should also be applicable to He-

molecule systems, and useful in the interpretation of H, (D,)-molecule
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data. 2l In addition, we analyze the degree to which a given region of
the potential may be varied independently of the remaining regions by
appropriate changes in the SPFD parameters. We use these results to
correlate features of the DCS with particular regions of the potential,
and to place "'confidence levels' on potentials determined by regression
techniques from DCS experiments. Finally, we summarize our major

conclusions in Sec. V.
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1. INTERATOMIC POTENTIALS,

With a few notable exceptions, 3b, 21,22

experimental attempts
to determine the weakly attractive van der Waals region of interatomic
potentials suffer from a number of difficulties. Foremost among these
is the fact that the dependence of measurable properties on the potential
is through an integral relation. We first discuss these exceptions.
Direct inversion of molecular beam scattering data has been
used in different Ways21 to obtain potentials for the highly repulsive
short-range ('classical'') interactions, and in the attractive well region
for systems of a ""'semi-classical' nature. However, because of the
large quantum effects for thermal He scattering due to a low B param-
eter,23 these analysis techniques are inappropriate. Quantum mecha-

nical inversion proceduresza“’]O are only now beginning to be applied

to experimental scattering data.24’ <
Spectroscopic studies using the RKR method have enabled accurate

information to be obtained about the shape of the potential well of rare

gas van der Waals molecules supporting significant numbers of bound

vibrational states. 22

Unfortunately the potential energies at which the
well width may be evaluated are restricted tc the positions of these
s’ca’cesz.6 It is thus possible to obtain only a small amount of information
about the potential of most He-containing pairs by this procedure.,27
Besides these experimental techniques, semi-empirical theo-

retical methods have been used to calculate reliable interatomic poten-
tials for some systems. Most early studies were restricted to short-»-?’a1
or long-range28 interactions, but detailed results for the intermediate

range including the potential minimum are currently available.29_31
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Although successfully applied to heavy rare-gas pairs, He- (and to a
lesser extent Ne-) containing systems have often been regarded as
ngnomalous' from the point of view of electron gas theories. 49
Accurate ab initio results have been obtained for He,, 32 but such calcu~
lations for asymmetric He pairs are still too difficult.

Thus, thé above techniques have been exploited profitably, but
are still inappropriate for the He-Ar system, herein used as an example
for similar systems. Other means must therefore be used to
deduce these potentials. A common procedure, which is used to analyze
transport and virial coefficient data or low-energy DCS data, isto
assume a functional form for the interaction potential and then optimize
its parameters to fit the experimental results. Among the possible
disadvantages of this method are the lack of uniqueness of the resulting

potential,33

and the restriction of the potential obtained from the experiment
to the assumed form. Furthermore, there is no point-to-point corres-
pondence between the derived potential and the measurements (i.e.,
they are related by integral expressions), making it difficult to deter-
mine the sensitivity of the potential to the data. To some extent all
these difficulties may be addressed by the use of different functional
forms for different regions of the potential, which are joined smoothly.
This procedure has already been used extensively for rare-gas atom-

2a, 34

atom scattering data. Another approach is to use a multiparameter

functional form with sufficient flexibility to enable the potential to be
changed in only one region at a time. 22
Of course, the flexibility that justifiably may be used is limited

by the variety and accuracy of the available data, and by its sensitivity
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to the potential. With the extensive compilations of data that are avail-
able for Ar,, it is possible to construct a numerical potential by a multi-

Ta Because such an abundance of data is not available

variate technique.
for most systems, our goal, for the analysis of low-energy DCS data,
is to examine the suitability of some of the more common functional

forms, 3e each with only a few adjustable parameters. We also com-
pare36 these potentials with some of the less flexible but I;lOI'e tradi-
tional ones. . All of these are of the ""corresponding-states' form, <h

with
V(r) = 1), p=r/r, ,
where r - and € are the potential minimum position and depth, respect-
ively; the position of the zero of the potential o may be related to .
and the potential shape f(p).
The potential shapes we consider are:
a) Kihara,l’Bd’g f(p) = ;% (ﬂ)n - g (1—:1)6 , (1)
Py p-Y
where v is thehard-core radius parameter and n is the repulsive term
exponent. The Lennard-Jones (LJ) n -6 potential may be recovered by
setting v =0. Note that for y # 0 the asymptotic behavior includes p"7

and higher-order terms.

b) Buckingham (exp-6), 1,3d,g fp) = &_1_6 £6€a(1—p) - ozp_el
(2)
The only shape parameter available is o, governing the behavior

of the exponential repulsion term.
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c) Klein-Hanley,g7

-n -8
(o) = £— (8 - 2c) —E:Sp_6 - 2 __(6c +n - ncs)] (3)
n-8 n-8

Shape parameters designed to primarily govern the short- and long-
range regions are n and cg, % respectively. The second dispersion

term in p'8 is included, but its coefficient is fixed by the other

parameters.

d) Buckingham-Corner (BC), i

b(1- -8
f(p) = §'_(—-l:i(g - 205) - [cep-e + e (6C6 # b - bcs)] g(p), (4)

b-8 n-8
where - T4 1. 1)3]
g(p) = e p for p<1 and g(p) =1 for p=1.
As for the Klein-Hanley potential, the shape parameters b and ¢, are
designed to govern the short- and long-range regions, respectively.
Similarly, the second dispersion term in p'8 is included, but its coeffi-

cient is fixed by the other parameters. The Tang-Toennies semi-

31b

’cheore’cical3la and Hartree-Fock dispersion models are variants of

the BC potential.

e) Barker-Bobetic-Pompe (BBP), 008
N , 3 .
(o) = e®(1-p) [Ao + h Aylp - '] - Z0214-410_(21+4) (5
i=1 i=1
with -
A = 1_21 Cois4 = 1
and 3

A =0l - ), (2i+4)cg; 4 -
i=1
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Available parameters are o [bearing some resemblance to the exp-6 o

of Eq. (2)],the Ai coefficients (i=2,...,N), and the dispersion constants

(€5 Cas C;p). The expansion order N is usually nolarger than 5. This Nth—

order BBP potential is highly flexible and is appealing theoretically,

with the dispersion series being added to the exponentially repulsive term.
Although some of the potential energy functions above are rather

flexible, they all suffer from the drawback that the long~ and short-range

behaviors are interdependent. To ameliorate this problem, we also

investigated several piecewise analytical potentials with smooth joining

conditions.
f) Double Lennard-Jones, 40
n
m -n 1 -m
) = om0 - P ) for p<ld
. (6)
__6 “n, = ¢ > 1
o) = 5og (62 - g p ) for p>l.

Use of the LJ form [Eq. (1) with ¥ = 0] for each branch assures smooth-
ness at p = 1, Available shape parameters are n,;, m, and n,; the last
may be used to determine the leading dispersion term independently of
the repulsive region.

g) Morse-~Spline-van der Waals (MSV) 4 and M*SV,

f(p) = eB(l'P) [eB(l'P) - 2] for p<p;

Hp) = (py - P)[Sa(Pz =) +85] + (= P[50 = 1) + 5] (7)
3 for Py <P <Py

f(o) = '.Z Coird P_(2i+4) for P =Py .

i=1
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The s; (i =1,2,3,4) are cubic spline coefficients, which are fixed by
smoothness conditions at the spline points p, and p,. The first spline
point is taken as the inflection point of the Morse curve, p, = 1+87 1n 2.
The scond spline point may be treated as a fitted parameter but is usu-

eda Remaining shape parameters are then g3,

ally held fixed at 1.6.
governing the shape of the repulsive and well regions, and the disper-
gion series coefficients. We may modify this potential by using a

second Morse function for r < o, joined smoothly to the first at r = o.

This M2SV potential then has the additional parameter p’.

h)  SPF-Dunham (SPFD), 18
\ N : _
f(p) = boA"(1 + ), bAY) -~ 1, for A =1 - (1/p)and p < p;
-
s (8)
~(2i+4
f(p) = - Z CZi+4p( 4 for p =Py

i=]

Smoothness conditions at p = ps are used to fix the highest-order coeffi-
cients bN and bN—l" The joining point O¢ is treated in the same fashion
as the second spline point of the MSV form and is normally larger than
1; similarly, the bi (i=1,...,N-2) SPFD coefficients determine the
shape of the repulsive and well regions while the dispersion series
constants are also independent parameters.

For reduced distances below p = 0.65, the exp-6, BBP, and SPFD
potentials often show spurious maxima or oscillations. These are
removed by using an exponentially repulsive piece, i.e., f(p) = A e'bp,
from some joining value Py downwards. Smoothness conditions at p; are

used to fix A and b. Trial calculations show that values of p; < 0.75

have no effect on the scattering results and we use Py = 0.70.



-21-

All these potentials are used for the scattering calculations pre-
sented here and some of them are used for the experimental data
reduction procedures that are described in detail in Paper II. Care has
peen taken to perform these calculations with a high degree of accuracy
and consistency in order to be able to make distinctions between various
closely related interatomic pair potentials. The procedure consists of
the standard partial wave summation (using exact quantum or Rosen-
Yennie3c’ “e phase shifts for ¢ <50, after which JWKB phase shifts are
adequate), followed by kinematic transformations to the laboratory
frame (using room-temperature hypersonic beams and out-of-plane
detection of He atoms). The calculations include extensive velocity and
angular averagings. The calculational parameters used are chosen to
simulate the experimental conditions of Paper I, which are typical for
DCS measurements for highly quantum systems, and are described in
detail in that paper. Experimental conditions assumed for this study
are a relative collision energy of 64 meV, with a corresponding relative
velocity resolution of ~11%, and an overall angular resolution of ~2°,
The range of scattering angles considered is from 1.5°to 20°, with
intensity measurement errors of ~ 2.5% to ~ 20%, respectively. 12
The simulation described here enables us to gain detailed insight as to
the amount of information that may be extracted from the actual experi-
ments. It further suggests criteria helpful in choosing mathematical
parameterizations (in addition to those specifically included in this study)

suitable for iteratively determining the van der Waals attractive regions

of highly quantum systems.
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1T, _ POTENTIAL FORM SUITABILITY

The suitability of a particular functional form chosen to represent
the potential must be judged by several criteria. Obviously, it must
reproduce experimental data which are sensitive to it. This form should
also have sufficient flexibility to approximate closely the true potential,
whose mathematical form is usually unknown. Finally, the potential
obtained must be unique over the range of interatomic distances for

which the data are sensitive. The correspondence to the real interaction

of any stylized potential derived from experimental measurements

depends directly on the extent to which the experiment and the potential

meet the above criteria. Qur method of determining this correspondence

is to use the potentials of the previous section to fit the scattering results
corresponding to an assumed interaction.

As noted in the Introduction, He-Ar is an example of a system
whose interatomic potential is still the subject of considerable contro-
versy. Because our purpose here is merely to discuss the suitability
of the iterative procedures used to determine potentials from scattering
experiments, we arbitrarily use as the known potential one which very

closely resembles a recently published potential for He—Ar13

as the
"known'' interaction. We use it to calculate DCS's and then. add appro-
priate data seatter. Treating these as simulated experimental results,
we can then obtain fitted potentials iteratively. The analytical forms
used in this procedure are different from those used to repr_esent the
"correct' potential, just as in the actual data reduction procedure.

This somewhat circular route enables us to determine the suitability of

a given functional form according to the first two criteria outlined above.
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Compliance with the third criterion is later gauged for the particularly
successful SPFD functional form [Eq. (8)]. Because the potential
governing the interaction is "known", the circular approach is more
pertinent to the present discussion than would be comparisons of experi-
mentally determined potentials with one another or with theoretical
ones, where none of the potentials are known to be "correct".

We choose two different '""known'' potentials for the present simu-

lation studies. One is given by the MSV functional form [Eq. (7)], with

the following parameters, 13
r =3.5404; € =2.085 meV; B=5.45;
P, = 1,40 ; c;=1.434; ¢;,=0.220; c,4=0.00.

It must be emphasized that this potential need not actually be "correct"
for the discussion presented here to be valid, nor should one construe
any particular significance to the choice of the MSV shape. The other
""known'' potential is given by the Klein-Hanley functional form [Eq. (3)],
as discussed in Sec. IV.A. Using the experimental conditions of Paper
II, the MSV reference potential was used to calculate a DCS versus
scattering angle curve (points exactly on the solid curve of Fig. 1),
which then serves as one set of experimental scattering ""data''. Five
more simulated experimental DCS's are shown in Fig. 1. These were
generated by the pointwise introduction of random data scatter about the
first DCS, using a normal distribution with the error bars of Paper II
representing the standard deviation at each scattering angle, as shown

in the figure.



-24-

Submitting each of these sets of generated DCS's to the data reduc-
tion procedures outlined in the previous section yields six different sets
of potential parameters for each potential form. The sensitivity of the
data to the potential at a given point is reflected by the potential energy
spread among the six potentials at that point. Note, however, that this
will not apply to potentials with shapes that are too rigid to reproduce the
scattering results, because their parameters necessarily reflect only
the gross scattering features.

For each functional form used (excluding the MSV and M?SV forms
which are treated independently in Sec. IV.A), each of the DCS curves
is fit independently to potentials differing only in the values of their
parameters. In Table I we show the corresponding average T and €
parameters as well as the standard deviations of their means. Because
the DCS data are sensitive to the well region, comparing the fitted .
and € values with those of the original MSV potential is a first indication
of the accuracy with which they are obtained. To this extent, their
precision for a particular form is then reflected by the standard devia-
tions of Table I. We also show in that table two goodness-of-fit statis-
tical indices. We define the first as

n
X = Ll -ao) . (9)
i |
At each of the n scattering angles, the calculated cross section oy must
be scaled to the ""experimental DCS Ii by the scaling factor o because
only relative intensity measurements are made. The weighting factors
(the gi) are calculated from error bars corresponding to the data.

Because the scaling factor is adjusted to bring the calculated and
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experimental DCS into vertical register, we may also calculate a confi-

dence level for it; i
X2 2
Aag g5 = tg, o5 -K) n |- (10)
(n - k) 'Z gi%;
i=l

Here t 05(n -Kk) is Student's t-distribution statistic for a confidence

level of 0.95 with n data points and k parameters. 43 The goodness-of-
fit statistic, Aozo. 95/04, is then independent of the arbitrary units chosen
for the data, whereas x2 is not. The former also takes into account that
a fit with a greater number of parameters must have a lower x? in

order to be of the same quality because tO. 05(n - k) increases with k

for a given n; the Aa0.95/a statistic therefore provides a more appro-
priate measure of the goodness-of-fit. The five DCS's with data scatter
as shown in Fig. 1 have an average Aa0. 95/a value of 1.8%. We find
that fits having Aa 95/ a values considerably higher than this (say,
2.2% or greater) are not satisfactory.

Referring to Table I, we see that the simple two- and three-param-
eter potentials are generally too inflexible to reproduce the scattering
results (i.e., they result in high values of Aa0.95/a)’ even for the
DCS with no data scatter. Comparison of plots of the derived LJ 12-6
potentials with that of the "known'' MSV one show that the former have
repulsive walls which are too "hard'" (a generally observed
deficiencyzc’ 13, 32) and values of r ., Which are consistently too small.
By using L.J n-6 fits, the repulsive wall is made more flexible and

allows a better determination of this region, but the values of B and €

Obtained are still systematically low. The exp-86 shape is better able to
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reproduce the scattering results and the repulsive wall of the potential,
put the resulting values of r - and € are only marginally improved. The
1L.J n-6 and exp-6 potential forms of Eqs. (1) and (2), respectively, are
examples of three-parameter models using a single analytical param-
eterization. Another example of such a parameterization, also based
on an inverse-power dependence of the radial distance, is the ''n(p)-6"

35a

potential of Maitland and Smith. It utilizes a repulsive term expo-

nent n which is a function of the radial distance [see Eq.(1) withy =0],
and has been of some use in fitting gas phase bulk properties. 14a, 352
As noted by Maitland and Smith, however, it cannot reproduce the
multipole expansion appropriate for long-ltange interactions, nor can
the shape parameter controlling the radial dependence of n be related
easily to physically meaningful features of the potential. >°® As with the
other potentials considered explicitly above, a more serious objection

to the n(p)-6 parameterization is that it necessarily couples the long-

range attractive region to the short-range repulsive region.

Only the well depth parameter is improved by the Kihara modifica-
tion of the LJ n-6 form. The DCS fits are marginally improved, but the
repulsive region remains unrealistically "hard'". Moreover, a very
high statistical correlation43 exists between the repulsive parameters
y and n, indicating that only one of them is truly independent. Conse-
quently, using a Kihara-modified L.J 12-6 potential [i.e., fixing n = 12
but fitting y of Eq.(1)] results in no substantial change from the analytic-
ally simpler and asymptotically more appropriate LJ n-6 model. On
the other hand, the Klein-Hanley modification [Eq.(3)] of the LJ model

yields better fits to the DCS data, and Lo and € values systematically
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low by only 1% (Table I). Although the attractive well is thus accurately
reproduced, the short-range region is still too repulsive and the region
peyond the minimum is insufficiently attractive. There is again a very
high parameter correlation, in this case between the repulsive exponent
n and the reduced dispersion coefficient c;, indicating that the short-

and long-range regions are not independent within the framework of this
model. This correlation precludes any meaningful values from being
obtained for the dispersion coefficients. The BC parameterization

[Eq. (4)] also yields good fits to the DCS data, and potentials whose 2ot
parameter values are in good agreement with that of the MSV reference
potential. However, the € values are systematically low by ~5%. In
addition, the region beyond the minimum is insufficiently attractive, as
reflected by fitted values of the C; dispersion constant that are system-
atically too low by a factor of three. Fixing the long-range part of the
BC potential for systems for which the dispersion coefficients are known
would be inappropriate, since this would also fix the shapes of the short-
range repulsive and attractive minimum regions of the potential. We
see that the BC parameterization does not allow the long- and short-
range regions of the potential to be independent of each other, precluding
meaningful potentials from being obtained for them.

The highly flexible BBP potential [Eq. (5)] is the most successful
of the forms with a single analytical expression. The second-order
parameterization with only the first term of the dispersion series
included (the three adjustable shape parameters are ¢, @, and A,)
yields good fits to the DCS. The potential obtained and the fitted .

and € parameters also agree very well with those of the original MSV
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potential, as seen in Table I. The attractive region immediately
peyond the potential well is slightly too weak, a defect that can be
cured by the addition of a second dispersion term, which further

improves the DCS fitting.

In spite of the above advantages of the BBP parameterization, there
are several difficulties which curtail its usefulness. By directly fitting
the BBP form to other reduced potential functions, without the intermediate
DCS calculations, we find that it is unable to reproduce the repulsive
wall unless the expansion is carried out to fourth order [N = 4 in Eq.(5):
the fitted shape parameters are c,, ¢c;, o, A,, A;, and A,]. As an
example, we show in Fig. 2 the original MSV potential, and deviations
from it for N = 2 and N = 4 BBP fits. It is apparent that although the fit
is good in the attractive region, an excessive number of parameters is
required to gain sufficient flexibility for the repulsive region. Because
the non-reduced BBP potentials which are fit to the DCS's reproduce well
the ""correct' potential, as noted earlier, it is seen that the additional
A and € parameters must be used to compensate for the reduced potential
form's apparent lack of flexibility (at least for a .reasonably 1ow'expansion
order N); these potential well parameters thus cannot be determined inde-
pendently of the potential shape, within the framework of the BBP model. A
further objection to the BBP parameterization may be anticipated on
theoretical grounds. The attempt made merely to ""add on'" the dispersion
series to a suitable short-range potential is inappropriate at intermediate
and short-range interatomic separationszc’ 29a, 45 because the perturba-
tion method used in the dispersion series formulation fails there. The

fitted dispersion constants, as obtained from this model, cannot there-
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fore be regarded as physically meaningful; this is reflected in the very
high parameter correlations observed between any of the shape param-
eters of the second-order (N =2) DCS fitting, even if cg is held fixed.

The piecewise analytical potentials may be expected to reduce the
problem of correlations between the long- and short-range components
of the potential. For example, use of the double-LJ model [Eq.(6)]
enables good fits to be obtained, with the long-range potential being
recovered very well, The short-range repulsion‘is slightly too steep,
put a more serious deficiency is in the well region and is apparent from
Table I. Fitted L. and € values are systematically too large, by about 2%
and 10%, respectively. Thus it appears that the repulsive region
parameters (n, and m) are only weakly statistically correlated with the
attractive region parameter (n,). The motivation for using the double-LJ
parameterization is to decouple these two regions of the potential. How-
ever, n, and m are still highly correlated with the well region param-
eters r - and e. Moreover, there exists a high parameter correlation
among n, and m, leaving only one of them available to determine inde-
pendently the shape of the repulsive wall. Indeed, fixing m = 6 and
fitting to the DCS with the remaining four parameters results in little
change of either the DCS or of the derived potentials (Table I).

The MSV form [Eq.(7)] could not be tested in the usual manner
because of its use as the starting potential. This form was, as a result,
tested independently against a Klein-Hanley reference potential, as
discussed in Sec.IV.A. However, it is already clear that the MSV form
also suffers from a parameterization that forces correlation between

the repulsive region and the attractive well, since both regions are
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essentially determined by, and are very sensitive to, the Morse 3
parameter. In order to avoid this restriction, an exponential repulsion
may be splined onto the MSV curve in the short-range region, giving

the ESMSV form. - This modification has been used in a number of
studies to obtain potentials simultaneously describing dilute gas trans-
port and equation-of-state properties (which are primarily sensitive to
the repulsive interactions), and thermal energy scattering results. Lx, 15
This approach, however, still leaves a substantial portion of the low-
energy repulsive wall parametrically coupled to the attractive well.
In order to avoid this coupling, we may use the MZSV potential with a
different Morse parameter 8’ for interatomic separations r < 0. For

either the MSV or M°SV potentials, however, changes in the long-range

region are not restricted to values of p beyond p, because of the effect
14a

of such changes on the splined portion between p, and p,.
A similar problem could also be expected to plague the SPFD
potentials [Eq. (8)] . Inthis case, changes in the long-range region also

affect the potential for all p < D¢ because of the smoothness conditions
imposed upon the two highest-order coefficients. Fortunately, as we
show in Sec. IV, the fitted SPFD potentials (with onlythe ¢, term beyond
Ps = 1.6 and N = 2, 3, or 4) can have their long-range regions modified
with no substantial effect on the potential for p < 1.3. Consequently,
these forms should allow good recovery of the potential in the long-range
region. Furthermore, they all show sufficient flexibility to fit the

scattering data just as well as the original MSV potential does. This is
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reflected in the good agreement between the original and fitted potentials
throughout the well (Table I) and adjacent regions, although the repulsive
region seems to be slightly too steep, as seen in Fig. 3. Values of T

and € are recovered to within 0.5% and 5%, respectively. Most of the
discrepancy in € is due to the second-order SPFD fits [N = 2 in Eq.(8)],
which have systematically deeper wells than those of higher order;

third- and fourth-order fits each reproduce € to within 1%. These

results substantiate previous claims that the SPFD potential form is
eminently suitable for use in analyzing thermal scattering ,results,15’ 18, 33b
It should be emphasized that the second-order potentials are obtained
with only two of the available shape parameters [c, and b, of Eq.(8)].

The third-order potentials show additional flexibility and result in better

fits to the DCS, but those of fourth-order show no further improvement.
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Iv. UNIQUENESS, FLEXIBILITY, AND SENSITIVITY

Recause of the ability of the SPF¥D potential to adequately repro-
duce the scattering results and to recover the original MSV potential,
we have investigated it further. We pay particular attention in this

section to its uniqueness, flexibility, and sensitivity.

A. Uniqueness

Previous users of this potential cautioned that there may exist
multiple local minima on the least-squares hypersurface; that is, the
fitted potential may depend on the first-guess parameters of the iterative
fitting scheme. 15 We address this problem by arbitrarily beginning
second-order SPF¥D fits with parameters corresponding to the LJ 12-6
shape; b, = 36. 0 from the curvature at the bottom of the well, and c, =
2.0 from the long-range behavior. Starting values of ey and € were
up to 10% and 30% different from their ""correct' values, respectively.
Fitting to one of the DCS with data scatter gives the same parameter
values, within four to six iterations, as those obtained with first-guess
parameters corresponding to the original MSV poten’cial.46

Initial values of L and € cannot be too different from the "correct"
ones, however. A difference of 20% and 50%, respectively, inthese
parameters is sufficient to cause the iterative scheme to converge to a
grossly incorrect potential. In this case, the difficulty is indicated by
the very poor fit and contorted potential obtained and may easily be
avoided a priori. For example, initial fitting with any one of the

simpler functional forms may be used to obtain values of T and €
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within the (apparent) convergence radius of the second-order SPFD
potential. Indeed, the range of values obtained for the r - and € param-
eters from all the fits to each of the DCS with data scatter are within
3% and 15% of their "correct" values, respectively.

Using the smoothness conditions, the second-order fit provides a
reliable value for the b, parameter which can be used as a starting point
for the third-order fit. This in turn provides a good guess for the b,
parameter; SPFD potentials with unique parameter values can thus be
obtained for fits up to at least fourth-order.

A possible bias in our analysis is that the SPFD potential might be
adaptable only to the MSV shape, in part because of their similar piece-
wise long-range behaviors and smoothness conditions. To test this
possible bias, we calculated a new input "experimental' DCS from an
assumed potential of the Klein-Hanley form [Eq.(3)], rather than of the
MSV shape. The former is represented by a single analytical function
bearing no mathematical relation to any but the LJ family of potentials
[Egs. (1) and (6)], and includes a second dispersion term in p_s. We
then fit this DCS, including ''data scatter', to the third-order SPFD
form (fitting the r.» € Cs Do, and b, parameters, but setting ¢, = 0).
To allow a more rigorous evaluation of the MSV and M’SV forms than
that outlined towards the end of the previous section, we also submit the
""experimental't DCS's to fits with these potentials (also without terms in
0 °). The results are displayed in Table II and Fig. 4.

From Table II, it is seen that the ""correct"” range parameter Y

is recovered quite well by all three potentials (error < 1%). The third-

order SPFD potential is able to reproduce the ""experimental" DCS's
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calculated from the Klein-Hanley assumed potential just as well as those
calculated from the MSV assumed potential (Table I); although the average
well depth parameter value € is too large by about 4%, this is within the
estimated error limit of 10% for the attractive well region of the potential
(see the end of this section and Table IV). For the MSV potential, the
average‘parameter values and quality-of-fit statistical indices are less
favorable than for the third-order SPFD potential; its € v‘alue is about
119 too large and the fitting quality is not quite as good. Use of the

M?SV potential, which has a second Morse function to describe repulsive
interactions independently of the attractive well, results in potentials
which have very good average parameter values (rm and € values in error
by < 1%). The fits are of the same quality as those of the third-order
SPFD potentials, although the short-range repulsive behavior of the

MZSV potential is too "hard'" (by > 40% at r = 2.9 A compared with < 15%
for the SPFD and MSV potentials; also see Table IV).

The second series of simulation results, using a Klein-Hanley
"reference'" potential, thus clearly shows that the SPFD potential is
sufficiently flexible [with N = 3 in Eq.(8)] to recover two realistic
potentials of very distinct mathematical forms, both of which are quite
different from the SPFD form. This second simulation study comple-
ments the first, which in usiﬁg an MSV "'reference' potential, showed
that of all the mathematical forms analyzed [Eqs. (1) through (8),
~except for (7)], only the SPFD one was adequate to reproduce the simu-
lated DCS's and to recover the original potential. Our analysis of the
MSV and M’SV potentials [Eq.(7)] in the second simulation study

clearly indicates that the M?SV potential may be preferred over the
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MSV potential, and perhaps even over the SPFD potential in the attractive
well region. It is important to note that the third-order SPFD and the

M SV potentials, both of which have five adjustable parameters, are
indistinguishable from each other and from the Klein-Hanley reference
potential (see Fig. 4) within the estimated uncertainty of the derived
potential energy curves (see the end of this section and Table IV). The
MSV potential, having only four parameters, is distinguishable from the
reference potential (Fig. 4), indicating that it provides a representation
for the potential which, in view of the improvements to be gained by
using the five-parameter models, is not quite as adequate. Although the
M°SV potential appears to be slightly superior to the third-order SPFD
potential, w/e feel that the latter provides a more unified represent: |

15,18 L we also recall

tion, as well as having a sounder basis in theory;
that the M?SV potential is too "hard'" in the short-range region (r < 2.9 A),
despite the sensitivity of the DCS to the potential there as shown later in
this section.

We also assess the degree to which independent scattering experi-
ments may complementarily be used to determine the interaction poten-
tial. Using the five sets of third-order SPFD parameters obtained by
fitting the individual DCS's with "experimental data scatter', we calcu-
late the corresponding five potentials and display the arithmetic average
of these at each interatomic separation in Fig. 5. It can be seen that
the data obtained from the five "independent experiments' are indeed
complementary; the averaged potential is significantly closer to the
original MSV potential than are any of the third-order SPFD fits to
the DCS (compare with Fig. 3), with the only significant discrepancy

occurring in the repulsive wall region.
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B. Flexibility and Sensitivit

Besides fitting the SPFD potential to the "experimental" DCS's,
we may also fit its reduced form to other reduced potential functions,
without the intermediate DCS calculations, as was done with the BBP
potential in Sec. III. The reduced potentials of Eqs. (1) through (7) with
nreasonable' shape parameter values are reproduced almost idenfically
by the numerically fitted SPFD shapes (third-order or higher), demon-
strating the latter's ability to fit interaction potentials of any reasonable
form in the region beyond about p = 0.65 (A = -0.5). Thus, when fitting
to the DCS's, the two reduction parameters ' and € have a large degree
of independence from the shape parameters (in contrast, for example, to
the BBP potential, see Sec. III); the resulting potential energy functio
in general, and the well depth and position in particular, are parameter-
ization-independent. |
With the flexibility attained by the SPFD potentials, we now embark
on an investigation of the possibility of analytically varying only a
selected region of the potential. This would enable a determination to
be made of the sensitivity with which each region is probed by the thermal
scattering results.
Classically, of course, this could be determined simply by refer-

3f, 48 which would also serve to locate

ence to the deflection function,
the limits of the interatomic distance range sampled by the experiment
(hereafter called the range of sensitivity). Such arguments have been
used in some instances to provide an indication of the correspondence
between specific regions of the potential and the scattering results.

On this classical basis, it has been claimed that these
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14’ 49 or even

experiments are insensitive to the long-range region,
that they are sensitive only to the low-energy repulsive wall of the
potential. 262 19:90 The further implication is that the attractive well
and long-range behavior are probed only by very low scattering angles,
since the classical rainbow occurs at a laboratory angle of 3.7° for
this system. However, the quantum mechanical results discussed
below indicate a greater range of sensitivity.

The SPFD potential form is suitable for a determination of the
upper limit of the range of sensitivity because of the availability of the
Pg parameter. Thus, C; coefficients38 obtained by fitting the various
DCS having data scatter may show large deviations from the "correct"
value and from each other, only for cases in which Ps lies beyond the
range of sensitivity of the potential to the scattering results. For

third-order fits, the average of the C values obtained (see Table III)
agree well with the C, coefficient of the original MSV potential for all
the pf‘s tested (pf =1.4,1.6. 1,8, 2.0, and 2.2). However, standard
deviations of those C; values for each pg are below 10% only for the
lower values of p; (pf =1.4, 1.6, and 1.8). The much less consistent
C, values for pg = 2. 0 and 2. 2 indicate that the data are not sensitive to
the potential beyond about p = 1.8. To assess the extent to which the
scattering results are sensitive to the long-range region, we may also
fit the c; parameter of the SPFD potential, for pg = 1.6. Third-order
fits to the DCS with data scatter yield widely varying values of Cg.
Furthermore, through statistical correlations with the ¢; parameter,

even the fitted values of C, deteriorate markedly.
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Thus the C; coefficient obtained from the third-order SPFD fits
should be reliable to within 15%, insofar as the contribution from
higher-order dispersion terms is small (for the original MSV potential,

L ); however, these higher-order terms

cap_a /csp'6 =6%at p;=1.6
may not be determined reliab1y45’ al from experiments at present. It
is seen that the upper limit of the range of sensitivity of about 6.5 A

(p = 1.8) extends well beyond the 4.8 A value imposed by classical con-
siderations.

The approach we use todetermine the lower limit of sensitivity is

to modify exponentially the third-order fitted SPFD potential at chosen

values of p;» as discussed in Sec. TI. The DCS's calculated with these
potentials begin to show manifestations of the modification (which
"hardens' the repulsive wall) for values of Py greater than about 0.82.
It is interesting to note that the first effect of increasing Pi is to
decrease the DCS at angles beyond the first minimum (10° in the lab
frame). Values of p; nearer the zero of the potential (at p = 0.873)
cause radical changes throughout the angular range of the calculated
DCS. In particular, the low-angle shoulder near the classical rainbow
becomes smoother. The Py obtained from this analysis corresponds to
significant differences between the exponentially modified and original
SPFD potentials for values of p below about 0.81. Thus the lower limit
of sensitivity to the potential is about 2.8 E, very close to the 2.9 A
value determined from a classical analysis. Because of the highly
repulsive wall encountered in short-range interactions, it is not sur-
prising that the lower limit of sensitivity would be estimated more

reliably by classical arguments than the long-range interactions.
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Having thus determined an approximate range of the potential
sampled by thermal DCS scattering results for this system, we now
address the question of the accuracy with which the potential is deter-
mined. The original MSV potential is numerically modified within each
of a few chosen regions having the somewhat arbitrary limits imposed
in Table IV. The SPFD shape obtained by direct fitting to the new
reduced potential may then be analyzed for its ability to adjust to these
discrete changes.

With four available shape parameters (b,, b;, b,, and c,) of the
fourth-order SPFD potential, an initial attempt to specify a like number
of regions was made. As indicated toward the end of Sec. III, the long-
range region of the potential is largely independent of the others; the
short-range region apparently also shows such independence. However,
within the SPFD parameterization, this initial attempt indicates that the
intermediate range should be treated as one, rather than as two inde-
pendent regions. Subsequent fitting to the MSV potential with numerical
modifications in three regions instead of four show a moderate degree

of success in decoupling the long- and short-range behaviors from the
intermediate region, as well as from each other. It may also be seen
from Fig. 6 that the ability of the fourth-order SP¥D model to fit the
modified MSV potential is largely independent of the magnitude of the
changes made.

It is also apparent that because the reduced SPFD potential can
adjust to changes in just three regions, there are only three uncorrelated
shape parameters within the range of interatomic separations to which

the DCS data are sensitive. This conclusion is further supported by the
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earlier observation that improvements in the DCS fits are noted for
SPFD potentials up to third-order, but not for higher orders. In addi-
tion, since the L and € parameters independently determine the scale
of the potential, we conclude that up to five independent parameters may
justifiably be used for fitting DCS data of the type being considered,

with SPFD potentials.

The effects on the calculated DCS due to these parametric modifi-
catiohs of the potential may most easily be seen by neglecting the loss
of angular resolution caused by experimental averagings (see Fig. 7).
Alterations in the intermediate range produce the largest effects,
especially in the rainbow region around 3.7° where an increased attrac-
tion produces a more pronounced shoulder. Similar changes in the
long-range attraction are reflected primarily in aﬁ increased cross
section in the low-angle portion of the DCS. The entire low-angle
region (below 10°) is largely unaffected even by the more drastic short-
range modifications made. The effects of the latter appear mostly in
the wider-angle oscillatory pattern of the DCS (beyond 15°).

By repeating the type of calculations displayed in Fig. 7 at some
energy different from 64 meV (see end of Sec. II), the sensitivity of the
DCS to different regions of the potential may crudely be gauged as a
function of the collision energy. Such calculations are necessitated by
the non-monotonic relation between the collision energy and the sensi-
tivity with which the potential may be determined, in a given range,
from arbitrarily normalized DCS experiments. For example, at very
high collision energy, attractive interactions are insignificant compared

with repulsive ones, while at very low collision energy, the DCS
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pecomes isotropic, and information can be extracted only if absolute
measurements are made. B Figure 8 shows the effect on the DCS of
making the parametric modifications to the MSV reference potential
shown on the right-hand panels of Fig. 6, but at a collision energy of

19 meV. o Thus Fig. 8 is analogous to Fig. 7, but at only 30% of the
collision energy. We see again that large changes in the repulsive wall
region of the potential affect the DCS only for wide scattering angles
(beyond ~ 30°), but that these effects are less pronounced than at the
higher energy. The low-energy DCS is thus less sensitive to the weakly
repulsive wall than is the high-energy one. Comparisons between Figs.
7 and 8 regarding the effects of potential modifications in the attractive
well and attractive tail regions show that the long-range potential is
more sensitively probed by the low-energy DCS, but that the attractive
well region is not (cf. the first three oscillations). The overall effect
of lowering the collision energy from ~ 64 meV to ~ 19 meV is evidently
to shift the range of interatomic separations probed most sensitively by
the DCS experiments, from the attractive minimum region outward to
the attractive tail region. That is, the DCS becomes dominated by the
long-range attractive potential. Consequently, parametric forms most
suitable for the analysis of low-energy DCS data should have more
flexibility in the attractive tail region than those used for extracting the
potential from higher-energy DCS curves. This may easily be accomp-
lished by introducing a second adjustable dispersion term into the MSV,
M®SV or SPFD potentials [Egs.(7) and (8)]. Flexibility of the repulsive
wall independent of the attractive well is probably no longer needed at
the lower energy; the MSV or second-order SPFD potential forms are

probably sufficient.
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Although the above conclusions13’ 55

appear to be similar to ones
based on classical arguments, the differences must be emphasized.
Changes in the attractive region of the potential produce significant
differences throughout the DCS, whereas such differences classically
would be less pronounced at angles beyond the rainbow. Furthermore,
these potential changes (at a given energy) affect the amplitudes of the
wide-angle oscillations (but not their positions), which are especially
intensified by a stronger attractive region. These conclusions are, of
course, somewhat predicated upon the experimental conditions, e.g.,
collision energy, resolution, signal-to-noise ratios, etc.

The above trends are largely preserved upon inclusion of the
simulated experimental averaging. The effects are, of course, less
visible but are nevertheless statistically appreciable. 92 Significant
deteriorations in the DCS fitting at 64 meV appear to the extent shown
in the last column of Table IV, indicating that the accuracy with which
the potential can be determined in the repulsive wall, attractive well,
and attractive tail regions defined in that table are approximately 30%,
10%, and 20%, respectively. Approximately the same sensitivities are
indicated by the range of third-order SPFD potentials fitted to the five
DCS's with data scatter (Fig. 3). Referring to the standard deviation
columns of Tables I and II, it is apparent that for the realistic experi-
mental conditions assumed in the present simulation (see the end of Sec.
II), the DCS's are sensitive, for a particular potential shape, to changes
of the r . and € parameters of about 0. 5% and 5%, respectively. b This
reflects the precision with which these parameters are obtained from

the fits to any one of the DCS's with data scatter. The accuracy of the
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. . and € parameters approach this level of precision only for those
functional forms having sufficient flexibility to parametrically decouple
different regions of the potential from each other. This is best accomp-
lished by the M?SV and third-order SPFD potential forms. Using them,
the well depth parameter € is accurate (i.e., agrees with the "knoWn"

€ as well as being precise) to within ~ 10%, while P is similarly accu-
rate to within ~ 2% (Table II). The distance ¢ at which the potential
changes sign is completely determined by . and the other potential
parameters, and is accurate to within ~ 1% (not shown in Table II, but
see Fig. 4). Under the conditions considered in this paper, these are
the limits to which the interatomic pair potential may be determined by

thermal DCS scattering measurements.
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V. . SUMMARY AND CONCLUSIONS

In this paper we have attempted to extend the usefulness of the
techniques prevailing for the determination of interatomic potentials.
Our method, as applied to crossed molecular beam experiments for
highly quantum systems, is to begin with a ""known'' spherically sym-
metric interaction. This serves as the basis for calculating scattering
cross sections as the hypothetical "experimental' data, to which data
scatter is added. By fitting these cross sections to interatomic poten-
tials, which are functionally different from the original one, we have |
arrived at the following qualitative conclusions:

1. Different parameterizations for different regions of the potential
are genérally helpful in avoiding high statistical parameter condi-
tions. |

2. The mathematical form assumed to represent the potential enérgy
functions must be chosen with great care if accurate results are
to be obtained. This choice may be dependent upon the collision
energy.

3. The thermal DCS scattering results are sensitive to the potential
significantly beyond the limits imposed by classical mechanics.

These conclusions are substantiated quantitatively for collision energies

~ 30 times the van der Waals attractive well depth as follows:

L, The potential forms most suitable for accurately reproducing both
the scattering patterns and the original potential have at least four
parameters, Up to five independent potential parameters may

justifiably be determined.
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2. The SPFD and M°SV forms are the most successful of the poten-
tials in the above sense, combining a high degree of flexibility
with uniqueness. We concur with the conclusion of Bickes and
Bernsﬁ:ein15 that the SPFD form provides a unified and accurate
parameterization for the attractive well and adjacent regions of
the potential. The M?SV form, with the same number of param-
eters as the third-order SPFD form, is an equally successful
representation‘of the potential energy, but it does not provide as
systematic or as unified a representation compared with the SPFD
form, nor is it quite as adequate in the short-range repulsive region.

3. The sensitivity is greatest in the well region, allowing L to be
determined with an accuracy of + 2% and the f)otential to + 10%,
for realistic experimental conditions. These experiments are
also very sensitive to the shape of the well region and, to lesser
extents, to those of the long- and short-range regions.

4, Unique potentials may be obtained from suitable analyses (in the
sense of the above conclusions) of scattering results of the type
considered here, even under realistic experimental conditions.
This is indicated by the indistinguishability (within error limits)
of the SPFD and M?SV potentials from the original potential
assumed in the simulation, despite the very different parameter-
izations of all three of these potentials.

Although the above conclusions are based on the poignant example
of He-Ar thermal scattering, they can be extended to other highly

Quantum systems. These include the range of systems for which the

3f

dimensionless A and B parameters™ do not differ excessively from
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those explicitly considered in this paper (A 20 to 40 and B ~50).
within the validity of the central-field assumption for atom-molecule
systems, the conclusions enumerated here may be. extended, allowing a
more systematic approach to the problem of analyzing scattering data

for nonspherical systems. =L
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TABLE III. Dependence of the third-order SPFD fitted dispersion

coefficients on the joining point Py -

~ b e
ay C,-C o(Cy)

ot C2/evx A° ———2 x100% % % 100%

CG CG

1.4 5. 84 -0.8 5.8
1.6 5.64 4.2 4.9
1.8 5.51 -6.5 6.5
2.0 5. 74 2.5 14.8
2.2 6.30 +7.0 26.17

a 66 is the average of the dispersion coefficients obtained from the fits
to the five "experimental" DCS's with data scatter.

282 is the dispersion constant used in the original

b, =5.80 eV x A°
MSV potential.

¢ 0(C,) is the standard deviation of the fitted coefficients.
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TABLE IV. Definition of regions for the numerically modified MSV

potential.
. a TR
region range sensitivity
1. repulsive wall p <0.87 + 30%
2. attractive well 0.87T<p<1.40 +10%
3. attractive tail p>1.4 + 20%

2 Early attempts to define four regions split region 2 into two parts at
p = 1.10; the attractive tail region was then defined by p > 1.5.

b Minimum change in the potential shape needed to produce statistically

significant changes in the corresponding DCS. =t
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FIGURE CAPTIONS

FIG. 1. He + Ar calculated DCS using the MSV potential. I(6) is the
DCS in arbitrary units at the scattering angle 6, corresponding to out-
of-plane detection of He atoms. The data points exactly on the DCS
curve have error bars representing the assumed "experimental'' noise
at each angle. Other data points are chosen at random from a normal

distribution using these error bars at each angle as one standard deviation.

FIG. 2. Deviations of various reduced potentials from the original
MSV form (broken curves). (Af/f) x 100 is the deviation, at each
reduced interatomic separation p, of BBP forms obtained by direct
fitting to the MSV form. The dashed curve shows the deviation of the
second-order BBP form; the dotted line shows the deviation of the
fourth-order BBP form. >The solid curve, corresponding to the scale
on the right, shows the original MSV reduced potential, f, for compari-
son. The discontinuity near p = 0.87 is due to the zero of the potential;
the absolute deviation, Af, of the second-order BBP potential is 0.017

there.

FIG. 3. Deviations of various potentials from the original MSV one
(broken curves). (AV/V)X 100 is the deviation, at each interatomic
separation r, of third-order SPFD potentials obtained by fitting to the
"experimental' DCS's. The dashed curve shows the deviation of the
SPFD form fit to the DCS having no data scatter; the dotted curves
show the deviations for fits to three of the DCS's with data scatter.
The solid curve,' corresponding to the scale on the right, shows the

Original MSV potential, V, for comparison. The discontinuities near
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p=g= 3.1 A are due to the zero of the potential; the absolute deviations,
AV, for the dotted potentials are about + 0.2 meV there. The arrows
atr=2.8 A and r = 6.5 A delineate the range of sensitivity of the

nexperimental” DCS to the potential (see Sec. IV of the text).

FIG. 4. Potentials obtained from fits to the "experimental” DCS's
generated using the Klein-Hanley potential. V is the interatomic poten-
tial at each interatomic separation r; the inset magnifies the vertical
scale of the potential energy minimum region by a factor of 2.5. The
solid curve is the original Klein-Hanley potential and the broken curves
show the average potential V at each r for a particular potential form.
Long dashed curve: MSV potential; dotted curve: MSV potential; short
dashed curve: third-order SPFD potential. The error bar in the inset
indicates the estimated uncertainty of +10% at the potential minimum;

the arrows on the abscissa are placed as in Fig. 3.

FIG. 5. The deviation of a numerically averaged potential from the
original MSV one (broken curves). (AV/V) X 100 is the deviation, at
each interatomic separation r, of the numerical average of the five
third-order SPFD potentials of Fig. 3. The solid curve, corresponding
to the scale on the right, shows the original MSV potential, V, for com-
parison, The discontinuity near r = 3.1 A is due to the zero of the
potential; the absolute deviation, AV, of the numerical potential is

=0.02 meV there. The arrows on the abscissa are placed as in Fig. 3.
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FIG. 6. Deviations of various reduced potentials from the original MSV
potential form (broken curves). (Af/f) x 100 is the deviation, at each
reduced interatomic separation p, of fourth-order SPFD potential forms
obtained by direct fitting to numerically modified MSV potentials. Solid
lines are the step-function modifications made to the original MSV poten-
tial; dashed lines show the response of the SPFD potential forms in
fitting them. Graphs in the right column represent changes twice as
large as the ones in the left column (note scale change). The upper
panels show the response to 15% and 30% changes in the repulsive wall
region; the middle panels, to 5% and 10% changes in the attractive well
region; and the lower panels, to 10% and 20% changes in the attractive
tail region of the potential. The discontinuity near p = 0.87 is due to

the zero of the potential.

FIG. 7. He + Ar calculated DCS's at a collision energy of 64 meV using
the fourth-order SPFD potentials fitted to the numerically modified

MSV potentials. I(6) is the DCS in arbitrary units at the scattering
angle 6, corresponding to out-of-plane detection of He atoms. The
solid line corresponds to scattering calculated from the original MSV
potential, with error bars representing the assumed ""experimental"
noise at representative angles. The long dashed line corresponds to a
potential modification of +30% in the repulsive wall region; the dotted
line, to a +10% modification in the attractive well region; and the short
dashed line, to a +20% modification in the attractive tail region. Note

that the ordinate is very sensitive to the oscillatory structure of the
DCs. 3f
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FIG. 8. He + Ar calculated DCS's at a collision energy of 19 meV,

using the fourth-order SPFD potentials fitted to the numerically modi-
fied MSV potentials. Symbols are as in Fig. 7; error bars from that
figure are transferrable to Fig. 8 provided the signal-to-noise ratio is

the same for both energies. Note the difference in the angle scales of

these two figures,
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CHAPTER 2
The He-Ar van der Waals potential
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geattering of thermal He beams by crossed atomic and molecular beams.

I The He-Ar van der Waals potential 2)
N'VW\/VWWW\ NN

Mark Keil, b) John T. Slankas, and Aron Kuppermann
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ABSTRACT.

Differential cross sections for He-Ar scatiering at room temperature
have been measured. The experimental consistency of these mieasure-
ments with others performed in different laboratories is demonstrated.
Despite this consistency, the present van der Waals well depth of 1.8
meV, accurate to 10%, is smaller by 20% to 50% than the experimental
values obtained previously. These discrepancies are caused by differ-
ences between the assumed mathematical forms or between the assumed
dispersion coefficients of the potentials used in the present paper and
those of previous studies. Independernt investigations have shown that
the previous assumptions are inappropriate for providing accurate poten-
tials from fits to experimental differential cross section data for He-Ar.

We use two forms free of this inadequacy in the present analysis: a

—
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modified version of the Simons-Parr-Finlan-Dunham (SPFD) potential,
and a double Morse-van der Waals (MZSV) type of parameterization. The
resulting He-Ar potentials are shown to be equal to within experimental
error, throughout the range of interatomic distances to which the scat-
tering data are sensitive. The SPFD or M?SV potentials are combined
with a repulsive potential previously determined exclusively from fits

to gas phase bulk properties. The resulting potentials, valid over the
extended range of interatomic distances r > 2.4 f&, are able to repro-
duce all these bulk properties quite well, without adversely affecting

the quality of the fits to the DCS.
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1. INTRODUCTION
WN\/\MN\/WW\

Recent experimental and theoretical efforts directed towards the
determination of interatomic potentials for rare gas van der Waals
interactions have improved remarkably the characterization and under-
standing of such potentials. I Early investigations of homonuclear

interactions did much to elucidate the nature of their short~2’ 3

and
10ng_range4 components, while later results for the same systems
provided accurate information about the important attractive minimum
region. =T As a result of these concerted efforts, the van der Waals
potentials for the homonuclear rare gas pairs have been determined
quite accurately; experimental data of many different kinds may
be predicted satisfactorily from these potentials. .

| The outstanding success with which these homonuclear potentials
have been determined unfortunately is not attained for the more com-
plicated case of heteronuclear interactions. 1 This is of course partially
due to less intensive investigations of the heteronuclear rare gas
pairs as compared to those of the homonuclear ones; there are also

significant experimental difficulties. For example, 8,3

macroscopic
heteronuclear interaction properties may be derived only indirectly
from corresponding measurements of the mixtures, due to contributions
of like-atom interactions. i Historically, the incentive for the exten-
sive development of various ''combination rules', only some of which
are soundly based upen theoretical or experimental considerations,m’ el
may in part be attributed to these difficulties. These rules are predi-

cated upon the validity of the "'corresponding states' assumption. Here,
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some maniversal function' may be used to predict the potential for a par-
ticular interaction, given appropriate distance and energy scaling param-
eters. 10 The concept of such universal functions has however, been
abandoned  in describing homonuclear interaction potentials, which

could not formerly be obtained with sufficient accuracy.lc

As more data
pecome available for the determination of heteronuclear interatomic
potentials, it is increasingly apparent that flexible potentials are also

12 Indeed, in a recent

needed to describe these interactions accurately.
computer simulation study13 hereafter referred to as Paper I, it was
shown that the assumption of too rigid a mathematical form (e.g.,
having only two or three parameters) for the analysis of low-energy
differential cross section (DCS) scattering data can introduce significant
biases into the potentials extracted from such data. Such biases can
be avoided only by using appropriately flexible mathematical forms in
the analysis of the DCS data. Consequently, the use of excessively
simple potentials and their combination rule progeny should be abandoned.
It is important to use a more realistic approach to determine accurate
heteronuclear potentials for simple van der Waals interactions.

In the present paper, we apply such an approach to the determi-
nation of the He-Ar potential, which has often served as a prototype
for discussions of heteronuclear rare gas pair interactions. Experi-
mental details for the acquisition of the DCS data presented in this study
are described in Sec. II. The data reduction procedure used to analyze
these DCS measurements are outlined in Sec. III. In Sec. IV we present
our DCS data and several potentials obtained from them. By comparing

one of thege potentials (of the Morse-spline-van der Waals form) with
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14

those obtained in two other laboratories, » 15

using the same mathe-
matical form, we analyze in Sec. V the equivalence of the DCS
gcattering data of the three laboratories. We also discuss in that

section the appropriateness of the forms used in Section IV, and those

14-16

used in previous studies, for accurately describing the inter-

atomic potential. In Sec. VI we examine the consistency of our poten-

17,18

tials with integral cross section scattering data, and use these to

potentials to predict the zero-point dissociation energy of the bound

He-Ar diatom for which spectroscopic measurements are not yet

19 20 21,22

and SPFD potentials for

available. We also adjust our M*SV

interatomic distances to which the DCS data are insensitive, kd to pro-
vide a modified potential appropriate for a description of equiliblc'iumzl‘?"25
and of gas ’cransport%"29 properties. Finally, in Sec. VII, we present
a concise characterization of the He-Ar potential.

A preliminary account of the present studies has been published

previously. 40
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1. EXPERIMENTAL
N\,WV\-’WWVWV\"M"

The crossed molecular beam apparatus used in our laboratory
is shown schematically in Figs. 1 and 2. The major components are
a movable, differentially pumped mass spectrometer detector, a fully
supersonic primary beam, and an intense but only slightly supersonic
secondary beam. The present version of the apparatus is an extensive
improvement over earlier ones, whichhave been described elsewhere, =y 8E

The two beam sources and detector support arc are mounted to
the base of a 1200-liter vacuum chamber, as shown in Fig. 1. All
internal components of the apparatus are serviced via feedthroughs
(FT) placed around the base circumference.  The upper part of the
chamber is a stainless steel bell jar which may be lifted free of the
internal components, allowing access for work on them. The main
vacuum chamber is pumped by four liquid nitrogen (LLN,-) trapped
25 cm  oil diffusion pumps (DP, through DP,), with a combined
measured pumping speed of S = 1600 1/sec.

The primary beam (PB) is of the supersonic design,33 with
nozzle (Nz) and skimmer (Sk) diameters of 0.07 mm and 0.64 mm,
respectively. The nozzle is fitted to the end of a gas inlet tube which,
Serving as a piston, is mounted to a motor-driven translator, With
this arrangement, the nozzle-skimmer distance may be adjusted
remotely, while maintaining an accurate beam alignment. The nozzle
Stagnation chamber is evacuated by a fifth 25 cm  oil diffusion pump
(DP,; S = 400 1/sec. ); a2 second chamber downstream of the skimmer is

differentia_lly pumped by a 25 ecm LN,-trapped mercury diffusion
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pump (DPg; S =120 1/sec.). This buffer chamber houses a mechanical
peam chopper (Ch) which modulates the primary beam, simultaneously
generating a square wave signal with an infrared light-emitting diode
and photocell arrangement. This signal is used as a reference input
to a phase-sensitive lock-in detection system (see below). Also
enclosed in the primary beam buffer chamber is a mechanical

o used for beam velocity

slotted-disk velocity selector (VS),
distribution measurements. The modulated primary beam, which may
be interrupted by a pneumatically-operated beam flag (Fl), emerges
into the main (scattering) chamber through a collimator of 1.6 mm
diameter. This final collimator (C,) is located 79 mm from the
scattering center (SC), as depicted in Fig. 2.

Returning to Fig. 1, the secondary beam (SB) is shown as con-

35,36 41 rough which the beam

sisting of a glass capillary array (CA),
gas is admitted directly into the scattering chamber (SCh). The array
is 0.61 mm thick with individual capillary diameters of 0.002 mm,
and has a transparency to gas flow of 50%. The area of the array
actually used is defined by a retaining cap with a hole of 1,6 mm
diameter (C,), located 6 mm from the SC ( Fig. 2). The retaining
cap also seals the array to the gas feed tube to prevent leakage around
it, This assembly is mounted in a block which may be tilted upwards
by remote activation of a pneumatic bellows, uncrossing the beams,
Turning the secondary beam '"off"" in this fashion, the modulated

background signal can be measured without affecting it as seriously

as a beam flag would, since the secondary beam gas flow is uninter-
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rupted. The bottom surface of the block is machined flat, which in
mating to a similarly flat support structure, ensures precise alignment
each time the beam is lowered to intersect the primary.

Although optimum operating conditions could be estimated

theoretically for these beam sources,339 36

the approximations

jnvolved make it worthwhile, in addition to design calculations, to

perform experimental optimization studies. For the primary beam,

it was generally found in these studies that intensity maximization

and velocity spread minimization (with respect to gas inlet pressure

and nozzle-skimmer separation) were complementary characteristics,

while the beam angular spread was independent of these variables.

The primary beam nozzle-skimmer distance is optimized at T mm ;

the differential chambers pumped by DP, and DP, are operated at

pressures of 3 x 107" torr and 2 x 107" torr, respectively.
Optimization of the secondary beam on the other hand, required

a compromise between intensity and angular divergence.

It is also necessary to maintain a low scattering chamber pressure,

as well as to avoid dimer formation (for some gases more condensable

than Ar). Measured velocity distributions were found to be indepen-

dent of the source pressure in the 2 to 6 torr range, and of the

identity of the beam gas. It should be noted that because the secondary

beam gas particles used in these experiments are heavier than those

of the primary beam, and so do not contribute greatly to the relative

Velocity distribution, the narrowness of the secondary beam velocity

distribution is much less crucial thau that of the primary beam.
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The He-Ar scattering experiments described in this paper were
performed using the optimized beam conditions presented in Table I.
No primary beam velocity selection was used; the overall apparatus
velocity resolution under these conditions is 11.6% FWHM. A measured
primary beam attenuation of about 5%, and a scattering chamber pres-
sure below 3x107° torr, are sufficiently low to ensure that the single-

collision conditions essential for DCS measurements prevail.

The gas inlet system for the two beams have parallel needle
leak valves and absolute pressure ga.uges.sr7 This arrangement
ensures stable regulation and accurate monitoring of beam pressures
over long periods of time. The secondary beam purity is periodically
checked with the mass spectrometer detector, since although we
analyze scattering events specifically for He, we are unable to discri-
minate similarly against the identity of secondary beam particles.

Referring againto Fig. 1, we see that the detector may remotely
be positioned at a variable angle in the plane of the beams by its
supporting quadrant arm (QA), which rotates about a vertical axis
passing through the SC. The center of this semicircular arm is
coincident with the SC; the detector may also be moved along the rim
of the QA, further permitting scans of scattering angles out of the
plane of the beams. The force necessary to raise and lower the
120 kg bulk of the MS is transmitted through the vacuum wall via a
rotary-motion feedthrough and a gear box (GB) with a 1000:1 demulti-
Plication ratio, using a cable and pulley arrangement. The in-plane
and out-of-plane angular positions eh and Gv are measured by angular

38

resolving units”~ geared to the vertical rotation axis of the QA, and
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to the QA rim, respectively. The reproducibility of the position
jndicator system is 0.02°, and has a measured absolute accuracy of
+0.05°. The detector angular range is restricted to -20° < eh<100°
(measured from the primary beam towards the secondary) and
~127 < 6V< 23° (upwards with respect to the plane of the beams).
Particles originating in the scattering region are detected by a
separately enclosed quadrupole mass spectrometer (MS). As shown
in Fig. 2, its entrance collimator of 1.6 mm diameter (C;), is
located 80 mm from the SC. The scattered beam passes through an
entrance buffer chamber, which is separated from the remainder of
the MS enclosure by a second 1.6 mm diameter collimator (C,)
located 45 mm downstream of the first. The MS penumbral cone
angle39 isthus 4°; its 7 mm diameter at the SC ensures that, regard-
less of the detector position, the entire scattering zone is cbserved.

Note however, that the umbral cone angle39

is only 0.7°. The overall
apparatus angular resolution is determined by the primary beam
angular divergence and the size of the scattering volume, as well as
by the detector's angular resolution. For a He primary beam, the
effective overall angular resolution 28 determined in Section IV,
has a FWHM of 1,9°.

Precise alignment of the apparatus is a prerequisite
for good DCS measurements to be made. The principal alignment point,
defined to be the location of the SC, is at a specific height on the

cylindrical symmetry axis of the scattering chamber. A precision

optical surveyor's telescope, sighting through an alignment window
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(AW) set in a glass-to-metal seal at the rear of the MS enclosure
(Fig. 1), is used to align the long axis of the MS. At 6, =6_=0°,
the MS collimators (C, and C, of Fig. 2) are aligned with the tip of a
pin placed exactly at the SC. The same MS axis is simultaneously
adjustedto be parallel to the plane of the QA so that out-of-plane scans
may be made with a constant Oy,- The two beam axes are also optically
aligned with the pin at the SC and are made to intersect at 90°.

Since the primary beam is relatively far from the SC and its
location determines the zero position of the angular scattering scale,
its precise alignment is especially important. With the MS at
by, = By = 0°, the two MS collimators, the pin at the SC, and the three
primary beam apertures are all within 0.1 mm of collinearity,
cofresponding to an error of less than 0.1° in either 6 or6,. To
check the precision of detector rotation about the SC, the distance
between the entrance collimator of the MS and the pin at the SC is
measured as a function of the detector position. The maximum
deviation observed is 0.1 mm throughout the accessible angular
range; the detector and primary beam misalignments are thus no
more than 0.1° each.

The MS entrance chamber is differentially pumped (Fig. 1) by
a small ion pump (IP,; S = 5 £/sec.); the main MS chamber is pumped
by a larger one (IP,; S = 25 £/sec.). These are supplemented during
€xperiments by a liquid helium cryopump (CP), which is periodically
filled via a vacuum-jacketed transfer line (TL). The cryopump is
Surrounded by an LN,-cooled radiation shield; its one liter capacity

Is sufficient for a holding time of about one hour under operating
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conditions, even though located directly above the MS ionizer. Serving
as the cryogenic surface, the bottom of the dewar is an electro-
polished stainless steel disc of 75 mm diameter, and at low pressure
(2 107% torr) it is an efficient pump for all gases, including Ne, H,,
and even He,with a conductance limit of § =400 {/sec.
The pressure in the ionizer region during experiments is about
1 x 10™° torr as measured with an uncalibrated ionization gauge (IG).

All MS components are bakeable up to 250° C to ensure attain-
ability of the very high vacuum necessary for these experiments.
During bakeouts, the MS is evacuated only by the scattering chamber
diffusion pumps via a remotely operated bakeout vaive (BV). When a
sufficiently low pressure is reached at the end of a bakeout, this
bellows -activated valve is closed; a similarly operated gate valve
(GV) is then also closed over the MS entrance collimator. These two
valves thus serve to isolate the MS enclosure from the rest of the
system; the former remains at very high vacuum even when the bell
jar is vented for periodic maintenance.

After entering the main MS chamber, particles pass through a

40, 41

high-efficiency electron-impact ion source (IS), usually operated

at 256 mA emission current. Ions thus produced are extracted and
focused, then analyzed by a quadrupole mass filter (MF)™ and finally
detected. Mass resolution and ion focusing parameters are adjusted
to resolve adjacent mass peaks, while maintaining their symmetry

and maximizing the signal at any chosen mass between 1 and 140 a.m. u.
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Jon detection and signal processing may be chosen in either an
analogue or digital mode by controls outside the vacuum chamber. The
analogue mode utilizes a 14-stage Cu-Be dynode electron multiplier
(CB), whose output is passed immediately through a bakeable low-gain
DC preamplifier41 located within the MS enclosure. This signal is
then processed outside the vacuum chamber by an AC tuned pre-

42 synchro-

amplifier followed by a phase-sensitive lock-in amplifier
nized to the primary beam chopper reference signal. The modulated,
in-phase component of the signal is thus extracted from a largely DC
background, and is then smoothed by an RC integrator. The output is
sent to an analogue-to-digital (A-D) converter, which is sampled and
averaged by a laboratory minicomputer.

The digital mode of detection, which was used for these experi-
ments, utilizes a Spiraltron35 continuous dynode electron multiplier
(Sp). The resulting narrow pulses (FWHM < 1 psec ) are passed
through an amplifier-discriminator and are counted by a synchronous
up-down counter. At the 160 Hz modulation frequency used, time-of-
flight effects for a room-temperature He beam blur the edges of the
modulated beam-on and beam-off time intervals by a phase-equivalent
of almost 1°. To avoid these distortions, we count only in the central
90% of these intervals after suitably phase-shifting the reference
signal. Care is also taken to operate the Spiraltron in the linear
gain region below about 7 X 10" counts/sec with a two-terminal
mode voltage of 2.8 kV. Because of this restriction, it is

Necessary to lower the ionizer emission current to only 1 mA

In order to take low-angle scattering data (6, or 6 < 2.5%.
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Using either the digital or analogue modes, a raw data point at
a particular 6y, or 0, is obtained by accumulating the modulated signal
with the secondary beam lowered to intersect the primary, then un-
crossing the beams and subtracting the modulated signal for the same
length of time. The average of three successive measurements is
then normalized to a repetitively measured reference scattering signal
(at 6y, = 4 6° or 6, =4.9%). The entire DCS versus scattering angle
curve is measured at least three times, a simple average being
performed to yield the experimental DCS curve. Signai-to-noise (S/N)
ratios decrease from nearly 100 for low-angle scattering with total
counting times of 3 min per angle, to about 10 at the widest angles
used (~20°), with counting times of one hour.

The experimental error for the individual data points is deter-
mined independently of the S/N ratios quoted above, since the latter
account only for statistical fluctuations of the individual measurements.
Other sources of error include reference signal instability (standard
deviation ~ 5%) and some slight uncertainty (<0.05°) of the MS position.
In a detailed set of experiments, the standard deviation of the scattered
signal was measured as a function of scattering angle, and was fitted by
4 quadratic polynomial increasing monotonically over the angular range
of these experiments. This polynomial was used thereafter to estimate
the experimental error for each data point of the DCS curve.

Data around the first minimum of the DCS (@h or g, between 6.5°
and 8.5°) are also taken for the corresponding negative scattering
angles. The zero positions of the angular scattering scale (§,; for in

Plane ang 0y, for out of plane) may then be determined by matching the
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posﬂjon.ofthiszninhnunlas it appears on both side of the primary
peam, after making the appropriate laboratory to center-of-mass
kinematic transformations. By plotting the first minimum on a scale
accentuating the highly oscillatory structure of the DCS (see Section IV),
we are able to locate the 6, to within 0.03° for both in-plane and out-
of-plane scattering. Though small, these zero-angle corrections are
necessary because of the great sensitivity of the DCS to the scattering
angle. By comparison, the estimated accuracy of a beam centerline
measurement from the intensity profile is ~0.2°. Angular scale
corrections obtained in the above manner are less than 0.2° relative
to the scale established by the optical procedure, within the estimated
accuracy of the latter. It was found, however, that 6, shifts of the
order of 0.2° produced detectable changes in the resulting interatomic
potential, indicating that the higher accuracy of 0.03° in determining

6, is indeed necessary.
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1. DATA REDUCTION
R i ihnen s R

The data reduction procedure used in the course of this work has
peen carefully refined to distinguish between closely related inter-
atomic pair potentials. This refinement required the calculation of
accurate DCS's from assumed potentials and accurate averaging over
all experimental conditions.

Functionally, the procedure has three parts. First is an
initialization used to set up the transformations from the center-of-
mass (CM) frame to the particular laboratory frame of the experiment
(scanning in the plane of the beams, or perpendicular to it with
0y, = 0°). The secorid part uses the partial wave expansion to calculate
monoenergetic DCS's in the CM from an assumed interatomic potential;
trahsformations and appropriate apparatus parameters are then used
to calculate an average lab DCS. Finally, the third part optimizes
the parameters of the chosen potential form to obtain a least-squares
best fit to the experimental DCS.

The initialization part consists of the following steps:

1. Primary and secondary beam velocity distributions are calcu-

33 and the measured beam

lated from the hypersonic expansion model
characteristics presented in Sec. II (see Table I). Between velocities
corresponding to equal cut-off probabilities along these distributions,
a number of gaussian integration points are chosen independently for
€ach beam, and are designated v;; (i=1,...,n,) and Vai (] = Lymsn g 8]

respectively.,
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2. We assume each of the beam angular divergences are
described by cosine-squared distribution functions having the measured
FWHM43 (Table I). From these the distribution of beam intersection
angles is calculated, and a third set of gaussian integration points,
designated ¥ 12 SR n.y), is chosen along this distribution.

3. The beam intersection angle and velocity distributions are
convoluted to calculate the distribution of relative collision velocities.
Between relative velocities corresponding to equal cut-off probabilities,
a fourth set of gauss points, designated uy, o o nu), are chosen.

4, For each of an input set of CM scattering angles, QCM , we
compute the corresponding laboratory scattering angles 9}3}% @ CM)
using the CM-to-lab coordinate transformation specified uniquely by
each (v i, sz’ )/k) combination and the plane in which the detector
moves. The corresponding Jacobian factors J i;}% (QCM) (appropriate
for a number-density detector) and relative velocities Wijk are also
calculated (see Appendix).

9. The peaks of the v,, v, and y distributions are used similarly
to transform the input OCM'S to the appropriate lab frame. This
additional set of lab angles, denoted 8 f:gc (Bcyy)s iS used as the set
at which the laboratory averaged DCS will be calculated in step 9.

The quantities calculated in the initialization section above are
stored for use throughout the second part, which follows:

6. The Uy of step 3 are used to calculate partial

Wave phase shifts from an assumed interaction potential (see Sec. IV

for the potential forms considered). With our experimental conditions,
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and for a potential close to that of He-Ar, we find that JWKB phase
shifts44 give slightly different (by about 4% or less) DCS's from those
calculated using exact quantum mechanical (EQM) phase shifts. The
latter were calculated by Numerov integration45 of the

schrodinger equation, and compare satisfactorily to tabulated phase

shifts .46 Rosen-Yennie corrections47

may be applied to the JWKB
phase shifts instead, resulting in highly accurate (better than 0.5%)
DCS's and substantial computational savings (see the end of this
section). It is convenient to use these corrections only for

smooth potentials because the numerical quadratures used require
evaluations of second and third derivatives of the potential
energy;44’ 41 for any of the piecewise analytical potentials we use
the EQM phase shifts.

7. The partial wave summation48 is used to calculate DCS's at
the GCM 's for each of the up's. DCS's at the Wi].k relative velocities
of step 4 are then obtained by interpolation over the up's, yielding the
CM cross sections o?}g& (QCM).

8. Unlike the up's, the Wijk's correspond to a particular com-

bination of v and v}, so that transformations to the lab frame

1is sz;

may now be made. For each ijk- combination, we simply multiply

the o 4K (g ) by the ghik 6 ,) intensity factors of step 4, to obtain
M YCM “lab Y'CM g

ﬂl;‘) (GCM)'S. For each (v

s . . ijk . ijk
his furnishes the function O lab (elab)’
ijk

9. Since the 9lab sets of angles are different for each (v

the lab DCS's at the 6 Vai» Vi)~ combination,

1i?

li’ sz’
i)~ combination, we use the functions obtained in step 8 to calculate,
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by inferpalation, Lo og}% @ ic:éc) at the set of lab angles computed in

step 5. The velocity and beam angular divergence averaged lab DCS
can now be obtained by performing a gaussian integration at each

of the 8S3LC1s to obtain the oy, @TAI%)s.

lab

10. At each of the Bf:}:l)c 's, we perform a final averaging over
the overall apparatus angular resolution. This averaging effect takes
into account the divergence of the primary beam (independently of its
effect on the beam intersection angle distribution of step 2 above) and
the finite size of the scattering volume,in addition to the detector
angular resolution. Since the correct overall resolution function
would be very difficult to ascertain directly from apparatus consider-
ations, its angular FWHM is treated as an adjustable parameter,

The resolution function is assumed to have a cosine-squared shape;
the suitability of this assumption is shown by noting that using a hyper-
bolic secant shape instead affects the fitted FWHM but not the calcu-
lated DC‘S.43 The earlier assumption of cosine-squared angular
distributions for the primary and secondary beams (step 2 above)

is now seen to be justified because of their significant contributions
to the overall apparatus angular resolution. The treatment of the
latter 's FWHM as a fitted parameter is discussed in Sec. IV.

11, The calculated scattering intensity at the experimental
angles (the 9 eXp's) is obtained by interpolation from the averaged lab
DCS's of step 10. Since the measured DCS is arbitrarily normalized
(i.e., no absolute intensity calibrations are made), the calculated
DCS must be scaled to it. The scaling factor o is adjusted so that

the quantity,
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n
X~:E gi(Ii‘OlOi)Z’ 1)
fe=il
is minimized with respect to a. At each of the n scattering angles,
the I, are the measured (relative) cross sections, while the o; are the
calculated (absolute) cross sections. The normalized weighting factors
g,, are obtained at each data point from the associated experimental
standard deviations s;, using the expression4c9
nsi'2
T E L @)
27 Sj
i=1

Following Eq.(10) of Paper I, we define a goodness-of-fit statistical

index more suitable than X2,

Ao 2
__g == 1'_ otl (n_k) X

o a 1-q n )
(n-K) <27 g. 0

(M

(3)

Here t; _q(n-k) is Student's t-distribution statistic for a confidence level
q of the scaling factor @, with n data points and k fitted pa,raune'tersf,él‘9
12, The final part of the data reduction procedure consists of
using a weighted least-squares iterative scheme to optimize the param-
eters of a particular potential form. Our scheme is adapted from a
general non-linear regression algorithm proposed by Marquardt. o
We calculate the finite-difference derivatives of the DCS, with respect
to each fitted potential parameter, by changing that parameter by a
Small amount (1%) in only one direction, rather than by calculating the

Numerical derivatives symmetrically about the initial value of each
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parameter, This halves the computational effort and results in no
loss of accuracy, because only an estimate of the first derivative is
neceSSB-I‘Y-5O In one iterative cycle, steps 6 through 11 are
repeated for each potential parameter being varied, and corrections
are calculated with either the linearized (A = 0 in Marquardt's notation)
or non-linearized model. As indicated in Paper I, we find it best to
use » = 0.1 or ) = 0.5 for fits to potentials with four or more
adjustable parameters; otherwise ) = 0 may be used, resulting in
faster convergence, 1

Tuning of the integration and cut-cff parameters to achieve
computational accuracy and economy was performed. For these
calculations a I1.J12-6 potential, with o and ¢ parameters close to
those of He-Ar,was used to calculate accurate DCS's in the.CM frame.
These were extensively averaged and trans formed to the lab frame
using our experimental conditions, This DCS was then used as an
input set of ""data'' tc which other DCS's, calculated using the same
potential form but with less accurate integration procedures, could
be compared. To successfully fit the input DCS, and obtain the
original LS and € values, we found it necessary to use RY or EQM
phase shifts in step 8, accurate to 0. 001 radians, up to about £ = 50,
For higher angular momenta, the JWKB phase shifis, accurate to
0.002 radians, were sufficient; the partial wave summation was
truncated at a value of ¢ (of about 150) for which the corresponding
Phase shift was less than 0.001 radians. The DCS's inthe CM frame
Were calculated in step 7 at Ocpr'S spaced by 0. 6°, at each of six gauss-

Point CM velocities. It was also necessary to use a total of 144
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ijk-cornbinations along the beam velocity and intersection angle
distributions to accurately simulate the CM-to-lab transformations
and averagings of step 8. Recovery of the original 1J12-6 B and ¢
values (to within 0. 02% and 0.4%, respectively) was realized, and
essentially perfect fits were obtained (Aq,q;/a = 0.18%) with these
calculational parameters. Less accurate lab DCS's gave poorer fits
and/or inaccurate parameter values. These optimized calculational
parameters were used for all the data reduction reported here, as
well as for the fits reported in Paper I. Calculation of one fully
averaged lab DCS curve requires about 30 sec. of IBM 370/158
computer time using RY phase shifts, or about 100 sec. using the

EQM phase shifts.
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V. RESULTS AND DATA ANALYSIS
IWV\MMNV\N\/\/VVWVWWWWVW\/\A

As indicated at the end of Sec. II, small zero-angle corrections
8oh and 6,y must be applied to the in-plane and out-of-plane angular
scales respectively, before the potential may be fit to the experimental
DCS's. After fixed-velocity kinematic transformations to the CM coor-
dirate system, in-plane and out-of-plane data taken in the vicinity of the
first minimmum on both sides of the primary beam are plotted in Fig. 3
on a scale accentuating the oscillatory structure of the DCS'S,.51 These
data are least-squares fitted to second- or third-order polynomials in
the scattering angle and the minima are located. The second;-order fits
are shown as the curves in Fig. 3; the third-order fits are quite
similar and are not displayed. The in-plane (out-of-plane) zero-angle
correction 6, (0,v), is then found by iteratively adjusting the origin
of the angular scale until the in-plane (out-of-plane) positions of the
first minimum are the same for scattering on both sides of the primary
beam. Zero-angle corrections obtained by fitting to the second- and
third-order polynomials differ by < 0.05°; their averages are
8on =+0.13° and 6,y = -0.12° relative to the optical zero.

Preliminary fits were made to the DCS's using the LJ12-6
Potential form. In these fits, the overall apparatus angular resolution
function's FWHM was treated as an adjustable parameter, which was
fitted simultane ously with the I and € parameters. Best-fit values
for the FWHM were 1. 85° and 1. 84" for the in-plane and out-of-plane

fits, respectively. To preclude the possibility that these values of the
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fitted FWHM might depend on the potential form used, we also employed
the SPFD form [ Eq. (8) below with N =2, fitting r s € Csand by
parameters as well as the FWHM | to fit the DCS's, and obtained
corresponding values 1.8O° and 1.93°. For all subsequent in-plane
and out-of-plane data reductions, we fixed the overall apparatus
angular resolution function's FWHM at 1.9°, This value is
consistent with the apparatus geometry, as discussed towards the
middle of Sec. II.

The differential cross sections (DCS's) for He + Ar scattering
at a most probable relative collision energy of 64.2 meV using both
in-plane (with - set at 0°) and out-of-plane (with Oy set at 0°) motions
of the detector were measured as described in Sec. II. Experimental
DCS's were fit using the weighted least-squares data reduction
procedure of Sec. III, in conjunction with the interatomic potentials
described below. These potentials are written in reduced form as

t(p) = L, 5o I, @)
€ 'm

r, Is the radius of the van der Waals attractive minimum and ¢ is its
depth. The zero of the potential, occurring at r = 0, may be related
to r,, and the potential shape f(p). The potential shapes we consider
are:

a) Exponential-6 (exp-ﬁ),lo

()
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This has the single shape parameter a which governs the behavior of
the exponential repulsive term; note that the coefficient of the long-

range attraction term is determined by «.
52

o
7

p) Morse-spline-van der Waals (MSV)

£ 1 2
£(p) = (P -p)s1(p2-0) + 53] + (p-p)ss{p-p1) + Sq] } (6)
for p, <p < p,
. 2i+4
f(p) = - .ZICZHLI (21+4) for p = p, o
1=

The cubic spline coefficients 85 (i = 1 through 4) are fixed by smoothness
conditions at the spline points p, and p,, with the first one being chosen
asp, =1 + ™" In 2 (the inflection point of the Morse function), We
usually introduce the multipcle expansion at p, = 1.6; the N coefficients

53,54 The MSV form thus

are obtained from theoretical calculations.
has only the Morse 8 parameter remaining to simultaneously control
the shape of the atiractive well and repulsive wall, Even the ESMSV
form55 still has only a single parameter for the well and weakly
repulsive regions.

c) Morse-Morse-spline-van der Waals (MZSV),, <0

To avoid the inflexibility of the MSV form just mentioned, we use a
Second Morse function for r < ¢, joined smoothly to the first one:

w ,8~1n2

o) = L ol BN [B0BY) 5] for o - BZID2 g )

st

o<1-pBg InZ
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f(p) = eB(l“P) [eB(I'P) -~ 2] for 1 - B—l In2 <p<p,

£(p) = (p2-p)[8,(py-0) +5,1 + (o -p1) [S5(p-p)) +5,]

for p; <p <p,

3
- (2i+4
tp) = ‘.Ei coraap” @ tor p>p, )
1=

Having the additional shape parameter B’, the MZSV potential permits a
description of the repulsive wall independently from the attractive well;
all other parameters have the same meanings as in the corresponding
MSV potential.

d) SPF-Dunham (SPFD), 21,22

N “
£(p) =byA (L + 22 pA) -1 for x=1-1/p
e
! and p < [oF >
: (2i+4) (8)
- (&i+ .

The two highest-order SPFD coefficients by, and by,_4 are fixed by
smoothness conditions at p = p; . As for the MSV and M SV potentials,
the multipole expansion using theoretical ¢ coefficients is normally
used in this paper beyond Ps = 1.6; results for the influence of other Py

13 thus

values are presented in Sec. VI. Our usual choice of N = 3
leaves the b, and b, parameters to determine the shape of the repulsive
Wall and attractive well regions of the potential,

| For reduced distances below p = 0.65, the exp-6 and SPFD

Potentials often show spurious maxima or oscillations. These are
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removed by using a Born-Mayer exponentially repulsive wall, i.e.,
£(p) = Ae'bp, from some joining point Py downwards. Smoothness con-
ditions at p; are used to fix A and b. Trial caiculations show that
values of p; < 0,75 have no effect on the scattering results and we
usually use p; = 0. 70; also see Sec. VI.

The choice of these four representations for the potential energy
function was dictated by the computer simulation results of Paper I.
In this investigation of the suitability of different potential energy forms
f(p) for determining an accurate He-Ar interatomic potential from

56,57 4t was found that the

regression analysis of DCS measurements,
most successful potentials had at least four fitted parameters.

Different parameterizations for different regicns of the potential were
generally helpful in avoiding high statistical parameter correlations,

~ allowing meaningful parameter values o be cbtained. With fits including
only the ¢, p'6 term for the long-range region of the potential, up to

five independent potential parameters (including c,, LN and ¢) could
justifiably be determined. The M°SV and SPFD (with N=3) potentials of
Egs. (7) and (8), respectively, were found to be the most satisfactory in
recovering the ""accurate' He~Ar interatomic potentials of the simulation

4
13 Note that since we use the ?:h,-eoretical5 * long-range dispersion

study,
interaction in fitting the experimental DCS's (which omits ¢, from the
set of five adjusted parameters), these iwo potentials have the maximum
humber of parameters that may justifiably and reliably be determined
from our DCS measurement, for the attractive well and weakly repul-

Sive regions of the potential. The exp-6 and MSV forms of Egs. (5) and

(6) respectively, were included in our analysis for a comparison with
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potentials previously obtained from DCS measurements, lé-le although

the simulation results showed that they are somewhat less satisfactory
representations of the potential energy (especially the exp-6 form). 1

The in-plane and out-of-plane experimental DCS's, with
2° < 8, < 17° and 2° < Oy < 20°, respectively, are shown in Figs. 4
and 5. The curve fits of Fig. 4 were obtained by treating the in-plane
and out-of-plane data sets independently of one another (i.e., using
separate potentials to fit them), while those of Fig. 5 were obtained by
combining these data sets (and fitting a single potential to them). For
each of the four potential models considered, three different potentials
are thus extracted from the data. The respective potential parameters
are shown in Table II, and the corresponding M SV and SPFD potentials
are displayed in Fig., 6. It should be noted that in combining the data
sets, the in-plane scattering intensity at the reference angle (see the
end of Sec. TI) was measured carefully with respect to the out-of-plane
reference intensity (standard deviation ~ 3.5%). This permits the same
factor o of Eq. (1) to be used in scaling the in-plane and out-of-plane
calculated DCS's to the corresponding experimental data (see the end
of Sec. TIII).

It may be seen from Fig. 6 that the potential obtained by
simultaneous fitting to both the in-plane and out-of-plane DCS's (termed
the ""combined potential') is very nearly the average of the potentials
obtained by separate fits to these DCS's (termed the "in-plane potential™
and the "out-of-plane potential", respectively). In view of the simulation
results of Paper I, we expect the average, and therefore the combined

58

Potential, to be more accurate than either of the others, The
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differences between the in-plane or out-of-plane potentials and the
more accurate combined potential are within the error bars quoted in
paper I for the "attractive well region' as defined in that paper.

of course, this is also true of the "attractive tail region" where the
potentials are constrained to be identical,54 However, the +40%
discrepancy in the "repulsive wall region' (see Fig. 6) is beyond the
error bar of +30% established in Paper I for r < 3.1A; this may be
caused by several factors. Actual experimental data scatter may be
larger than the error bars used in Paper I and depicted in Figs. 4 and
5. The effect may be the most severe at the larger angles where the
signal level is lowest (note for example, the sharp drop in the out-of-
plane DCS at § = 15°); we would then expect to have a poorer deter-
mination of the potential primarily in the repulsive regiocn. Possibly
there also exist some systematic errors in the apparatus relating to
the in-plane or out-of-plane detector motion; data reduction of the
combined DCS's was performed to eliminate the effects of such
systematic errors in determining the more accurate combined
potentials. Consequently, only the combined potentials will
discussed hereafter; error bars claimed for them may be widened

slightly beyond those quoted in Paper 1.
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v. DISCUSSION
ARSI NS I EIRINE

On the basis of the computer simulation results of Paper I, we
nave selected the M°SV [Eq. (7)] and third-order SPFD [N=3 in Eq. (8)]
potentials as the most suitable ones for analyzing the present DCS
data.13 Our best potentials (the '"combined potentials'; of the previous
section) can now be compared with others that have been obtained from
fits either entirely or primarily to DCS scattering data. These are the
exponential-spline-MSV (ESMSV\,M the eXp—6,16 and the Hartree-Fock-
Dispersion (H FD)15 potentials. A large variety of other potentials have
been obtained from fits to only transport or gas-imperfection proper-
ties (see Ref. 14 for a recent compendium of these potentials). We
begin with a discussion of reasons to avoid comparing potentials
obtained from these different types of experiments (see also Sec. VI).

The second virial coefficient is given classically bjr'lo

o0

B(T) = 2WNAvrin s ~£ [1 - e"f(P) ° €/kT] pzdp ’ 9)

where T is the temperature, NAV is Avogadro's number, k is the

Boltzmann constant, and ro € and f(p) have the meanings introduced
in Eq. (4). For He-Ar at T S 200K, quantum mechanical co:('re-ci:ions10
are small (< 5%), so that the sensitivity of B(T) data to different

regions of the potential may be gauged by plotting the integrand of

Eq. (9) as a function of p, as shown in Fig. 7. We may change the
Tepulsive region .Without affecting the rest of the potential by altering

the inner joining point P; where a Born-Mayer exponentially repulsive

Wall is joined smoothly to the SPFD potential (see Sec. 1V). At
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T = 600 K, the effect on the integrand of changing Ps from 0. 80

to 0.81 (see Sec. VI) is seen to be significant (though small) for
reduced distances p S 0.65; we conclude that B(T) data

are sensitive to the repulsive region of the interatomic potential in the
range 0.65 < p < 0.86 [note that f(p) = 0 at p = 0.862]. At T =200 K,
3 similar argument indicates sensitivity in the range 0.69< p < 0. 86;
in both cases the lower limit may easily be determined by noting the
minimum distance for which the integrand deviates noticeably from a
simple p2 dependence. Consequently, in considering the relative con-
tributions to B(T) in the repulsive (p < 0. 86) and attractive (p S 0. 86)
regions of the potential, we are concerned only with the integrand
beyond p = 0. 65 at T =600 K, or beyond p = 0.69 at T =200 K. It is then
seen from Fig. 7 thatthe shallowness ofthe He-Ar attractive well causes
B(T) data to be as sensitive to the attractive region as to the repulsive
wall only for low temperatures (T < 200 K). We will therefore follow
the precedent of Chen et al. ,14 who found that they could fit the strongly
repulsive region of the interatomic potential to B(T) data, having
already fit the weakly repulsive and attractive region to their thermal
DCS measurements. Theyaccomplished this by using the ESMSV form55
to decouple these two regions at p ~ 0.84 (r = 2. 97 A). Dilute gas trans-
port data are in principle even less sensitive to the (shallow) attractive
well region of the He-Ar potential than are B(T) data when, as in the
present case,' KT > ¢ ;lc’ 5 we will therefore use the repulsive wall part

of the potential previously determined from these macroscopic proper-

ties, with no adjustments (see Sec. VI). The resulting potential, whose
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attractive and weakly repulsive regions had been obtained from the

pCs fits,will be shown in Sec. VI to be consistent with all the available
microscopic and macroscopic experimental data. We emphasize that
the latter type of data, being insensitive to the attractive portion of the
potential, must not be used in its characterization. For example,
assuming a given mathematical form for the potential (such as a L.J12-6)
allows a determination of r., and € parameters by fittirg to the macro-
scopic properties being considered. However, the validity of such a
potential should not be considered to extend to the attractive region;
these r and ¢ therefore cannot be used as physically meaningful values

14,26

for the position and depth of the well minimum. This is of course

in strong contrast to DCS data which, at least for the present case, can
be used to determine . and € values accurately. il
For any direct comparison of DCS scattering results between

different laboratories to be useful, a large variety of involved apparatus
characteristics (see Sec. II for examples) must be taken into consider-
ation. In view of the difficulties inherent in such a procedure, and the
fact that it is the potentials exiracted from the data that are ultimately
to be discussed, we use the approach of comparing the various

14-16,30 1y55 must be performed

laboratories' potentials instead.
using the same potential form to fit all of the CS experiments, since
the simulation results of Paper I clearly show that in some instances
the extracted potentials may depend strongly on the potential model

52, 55

used, 19 Consequently, even though the MSV form previously

used by others is not appropriate for obtaining accurate interatomic
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potentials from the present room-temperature scattering data (cf. the
MZSV and SPFD potentials of Table II), it was used to reduce our data
also, in order to compare respective scattering results.

Chen et al. '814 experiments covered the laboratory angular range
petween 3° and 45° at a relative collision energy of 20.8 meV, while

15,16 results at 18.2 meV were for scattering angles

Smith et al.'s
petween 4° and 30°. Although these collision energies are but a third

of ours, the increased sensitivity of their DCS's to the long-range region
of the potential is probably compensated for by our more extensive
measurements of low-angle scattering; in any case, the long-range
region of the potential is taken to be a theoretically estimated one and

14-16, 30

is not fit to the data. Conversely, the higher scattering angle

but lower energy results are less sensitive to repulsive interactions
than our higher energy but lower scattering angle measurements. 13
We would therefore expect all three DCS's to be sensitive to

the potential for interatomic distances between about 3.0 and 6.5 A, as
determined from the simulations of Paper I. The consistency of the
three experiments may thus be judged by comparing, for this range of
interatomic separations, the MSV potentials extracted from fits to the
respective DCS's. From Fig. 8 it is evident that these potentials are
indistinguishable within our precision limits, estimated in Paper I as
+30% for the repulsive wall (corresponding to +0.04 A in the position
of the wall), +109% for the attractive well, and +20% for the attractive
tail. Because of the greater sensitivity of our room-~temperature

€Xperiments to the weakly repulsive wall of the potential (2.8 AZr?<

3.1 A), the MSV fit to our data tends to yield a slightly deeper well
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than it would if the wide-angle scattering data responsibie for this
gensitivity (6 5 15°) were neglected. However, the simulation calcula-
tion313 indicate that this effect is < 10%, so that correcting for it would
not significantly affect the agreement among the curves of Fig. 8.
Further documentation of the data's consistency from the three differ-
eht laboratories is furnished in Fig. 9 where the DCS's calculated

from the various MSV potentials are compared. In Table III we list the
corresponding . and € parameters, and the goodness-of-fit statistical
indices [Eq. 's (1) and (3)], for the three calculated DCS's scaled to our
combined in- and out-of-plane data. The qguality of these three fits is
substantially the same. Having thus established the consistency, and
from it the reliability of the three different laboratories’ scattering
data, we may now apply the resulfs of Paper I in selecting the most
suitable He-Ar potential. In Fig. 10 we display those He~Ar potentials
extracted from DCS fits and preferred by the three different labora-

tories: eXp—6,16 HFD,15 14 30 30

ESMSV, " * M°SV°" and SPFD.°Y We now
proceed to discuss them.

The simulation calculations of Paper I showed that a given mathe-
matical model must have sufficient flexibility to decouple different regions
of the potemtia,]_.]‘3 This is required tc enable an accurate representation
of the interaction energy tc be obtained by iteratively inverting the kinds
of DCS data under discussion here. That is, each individual parameter
Should be related (in the ideal case) to a specific region of the potential,

and conversely, 12

The consequent unsuitability of the exp-6 potential
[Eq. ()] for fitting DCS data is substantiated by the results of Paper 1.

The Single reduced form parameter o has the onus of determining the
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shape of the entire potential, including the long-range dispersion inter-
action for which it is known to be inappropriate at the distances sampled

16,54

py the DCS experiments. On the other hand, the HFD formulation

has a large number of parameters, each with a fairly clear physical inter-

60, 61

pretation. The resulting potential combines the convenience of

peing represented by a single analytical expression with the advantage
of having ranges of interatomic distances in which the potential is
sensitive to individual parameters. This pleasing combination is
attained through use of exponential damping factors. We note that the
HFD parameterization is a generalization of the Buckingham-Corner
(BC) potential, 10 and is somewhat akin to the Barker-Pompe form, 2
both of which were investigated in detail in Paper I. In fitting the

potential to their DCS data, Smith et al, 1

varied only the L and €
parameters of the HFD model; they relied on recent theoretically
determined dispersion coefficients C;, Cq, and Cm54 and on repulsion

parameters fitted to SCF-HF calculations. &l

We shall hereafter

refer to the HFD potential they obtained

as "constrained” in the sense that the full flexibility of the HFD model
was not exploited in the fits to their data. We note that the exponential

15,60,61 _,

repulsion parameters strongly influence the HFD potential
its attractive minimum and beyond, even though the HF calculations are
unreliable at these large interatomic distances. 6l For example, even

at the minimum the contribution of this repulsion is +2.4 meV, whereas
that of the remaining attractive terms is -5.0 meV. It is apparent from

these caveats that although the HFD form itself should indeed be highly

ﬂeXible, 15 the approximate nature of the data used in fixing the repulsion
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parameters of the constrained HFD potential restricts its flexibility to
that of a two-parameter potential, and limits its ability to provide reli-
able T, and € parameters, L This is especially true because the repul-
sion parameters are responsible for determining not only the repulsive
wall, but also the attractive well region of the potential, to which the
DCS data are highly sensitive. As shown in Paper I and in Sec. IV of the
present paper, a greater degree of flexibility is needed for an appropriate
description of these regions of the potential. In particular, the simula-
tion results of Paper I showed that the BC parameterization, having

about the same flexibility as the unconstrained HFD form, 15 does
not yield an accurate long-range potential when fitted to the DCS data.

By fixing this region of the potential with known values for the disper-
sion constants, 3% as was done with the constrained HFD potential, the
weakly repulsive wall and attractive minimum regions have no remain-
ing flexibility. It is therefore not surprising that the He-Ar

constrained HFD'? potential is quite similar in shape

to the rather inflexiblel® exp-6 potential*® (Fig., 10). Nor is it sur-
prising that both are quite different from: the ESMSV potential, 14 as

well as from the present SP¥FD and MZSV potentials. The SPFD poten-
tial form is fully able to mimic the HFD potential in direct numerical

fits to the latter's shape > [i.c., fitting only the by and b, parameters
of Eq.(8)], within the range of interatomic distances probed by the DCS
€xperiments. Consequently, if the consirained HFD potential provides
a description of the He-Ar interaction within the accuracy obtainable
from the scattering measurements, the present SPFD potentiai should

4 ¢

be ldentical to it within that accuracy. - However, as seen from Fig.
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10, it is not. This is in spite of the equivalence of the scattering data
ased to obtain these respective potentials, as demonstrated earlier in
this section (see also Figs. 8 and 9). From these considerations, we
conclude that the constrained HFD potential does not provide an accurate
representation of the He-Ar potential (see also Sec. VI. B).

In fitting the ESMSV potential to their scattering data, Chen
et al.14 did not adjust its exponential or spline components; since
;;;;e are used only for the strongly repulsive wall of the
potential, their effect on the DCS fits are minimal.’® We can there-
fore use the simulation results of Paper I, as applied to the MSV
potential form, 62 to assess the suitability of the ESMSV form to provide
a potential accurate in the van der Waals minimum region. The
(ES)MSV potential is clearly superior to the exp-6 one, 18 especially
since it can be made to have the correct long-range behavior. With
the availability of its Morse 3 parameter to describe weakly repulsive
interactions, the (ES)MSV potential may also be preferred over the
constrained HFD one. However, as demonstrated in Paper I, the
(ES)MSV parameterization is unable, for room-temperature experi-
ments, to describe the attractive well region as adequately as some
other potentials that have an additional parameter available to describe
the weakly repulsive wall independently of the well region. This par-
ticular parametric independence does not appear to be required for the
lower collision energy experiments. However, their increased sensi-
tivity to the long-range region of the potential suggests that accurate
Values for the dispersion coefficients are particularly important. s

Th“S, the use of a C, coefficient too weak by a factor of two, 2 and the
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neglect of the C,, contribution altogether, may induce a slight bias into
the ESMSV potentials extracted from the low collision energy experi-
n addition, the dispersion series was used for distances that

ments. I
may be too close to the attractive minimurm® 4 (see also Sec. VI.B).

We may use the above discussion to justify our preference for the
ghallower wells of our M°SV and SPFD potentials. However, because
of the relatively small difference between those potentials and the
ESMSV one, 14 we cannot discriminate completely against the latter.
Nevertheless, it must be stressed that the DCS data of the various
laboratories, which are equivalent, should be reduced with more
flexible potentials, or with potentials whose known parameters are
more accurate than heretofore used. Otherwise, the analysis
introduces a systematic bias into the potentials extracted from the
data,13 a bias which may not be circumvented by claiming good fits of
the calculated to the experimental DCS's. It is on this basis that we

15

reject the exp—G16 and the constrained HFD " potentials as having

attractive wells that are apparently too deep,
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VI APPROPRIATENESS OF THE MZSV AND SPFD POTENTIALS FOR
WWWW’WWWWWW
THE DESCRIPTION OF OTHER PROPERTIES
WWNWWW‘AMM’VVM\

In this section, we compare the predictions of the SPFD or NSV
potentials, which are nearly equivalent (see Fig. 6), with experimental
measurements of microscopic and macroscopic properties. We also
refer to similar comparisons using the previously proposed scattering

- |
potentials . Li=t8

A. Microscopic properties

Integral cross sections Q, measured in arbitrary units as a
function of the relative collision velocity v, provide data sensitive to
the ""area' of the attractive well. This "area'' is usually expressed as
a product of the € and By parameters, 1b but is of course dependent
upon the model chosen to describe the potential. The € - r  product
for an LJ12-6 model of the He-Ar interaction has been obtained from

18 63 meV-A. To provide a first indi-

Q(v) dataas 7.7+0.8 " or 7.5+0.8
cation of the consistency of our DCS measurements with these results,
both of which are sensitive to the attractive well region, we fitted the
LJ12-6 model to our scattering data. We obtained an ¢ - product of
7.6 meV'-f&, which is very close to the value obtained from the Q(v)
results. However, this value is no more reliable than is the rather
Crude 1.J12-6 model, and is presented here only as a rough estimate of
the Compatibility of the (arbitrarily normalized) Q(v) and DCS results.
A more accurate value for the € P product, obtained from the third-
Order SPFD and M°SV potentials (see Table III), is 6.4+ 0.7 meV-A.

A Comparison of absolute Q(v) values calculated directly from the
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respective SPFD and L.J12-6 poi:em’tialsj"8 is given below.

More recent Q(v) data have been obtained with absolute normaliza-
tjon, and have been used to determine the r . and € parameters of an
(ES)MSV potential. 17 The potential obtained is identical to the (ES)MSV

ta and very close to our MSV potential; it is

potential of Smith et al.,
therefore significantly different from the more accurate third-order
SPFD or M°SV potentials (see Figs. 8 and 10 and Table ITT). This
equivalence of the several (ES)MSV potentials demonstrates the consist-
ency of the (absolute) Q(v) data with the DCS results. In Fig. 12, we
compare Q(v) curves calculated from the (ES)MSV potential as well as
from the more accurate third-order SPFD and M°SV potentials [the Q(v)
curves for the M°SV and SPFD potentials are indistinguishable in the
figure] . It can be seen that the curves are within the estimated system-
atic error of + 2% in the absolute calibration of the Q. In addition, there
seems to be an additional random experimental error not shown in the
figure of about + 2%. 17 The Q(v) curve calculated from Helbing et al.'s
LJ12-6 potential lies an average of ~3% below that of the SPFD potential, 12
These experiments are thus unable to discriminate between the potentials
[i.e., the Q(v) data are consistent with all of them), despite their sensi-
tivity to the attractive well regionm and the 30% greater well depth of the
(ES)MSV potential. This is probably due to the Q(v) data's insensitivity

to the shape of the potential well; we emphasize again that the third-order
SPFD or M°SV potentials are more accurate than is the (ES)MSV one, as
demonstrated in Sec. V and Paper 1.

By studying the vacuum ultraviolet absorption spectra of rare

gases and their binary mixtures, the energy levels of many weakly
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19

pound van der Waals molecules have been obtained. Unfortunately,

even a Very recent study was unsuccessful in determining the dissocia-

on energy for the v = 0 vibrational level D, of either He-Kr or He-Xe, e

64

ti
which probably supports only the v = 0 level. To the best of our know-
ledge, no such studies are yet available for He-Ar. In anticipation of
the future availability of such D, measurements, we compare below the
calculated values for D, of the different He-Ar potentials being consid-
ered. In Table IV we display these predictions for the SPFD and M’SV
potentials, as well as those obtained from several previously proposed

14-16 we a1s0 show the well depth € and zero-point

He-Ar potentials.
energy G(0) for each of these potentials; none supports more than one
vibrational level. Although the value of € for the ESMSV potential is
~17% greater than that for the SPFD or M2SV potentials, the respective
D, values are all very close. Since D, = € - G(0), such fortuitous agree-
ment is due to the larger curvature of the ESMSV minimum (listed as «
in Table IV), which gives it a larger value of G(0) than those of the SPFD
and M°SV potentials (note that the latter two have similar values of ).
The D, values of the exp-6 and HFD potentials are closer to those of the
SPFD and M°SV potentials than are the respective well depths. Here,
however, the compensatory effect of the greater curvature at the minima
for the former two potentials than for the latter two is insufficient to
Produce a fortuitous agreement between these D, values.

Calculating D, for each of the third-order SPFD "experimental"
Potentials of Paper 1,13 we estimate the accuracy with which this quantity

May be predicted for He-Ar from DCS measurements to be about + 5%.

The predicted dissociation energy determined from the potentials of this
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work is thus D = (0.72 + 0.04) meV. The anticipated spectroscopic
measurements of D, may eventually provide a very direct means cf
discriminating between some of the proposed potentials, at least in
their respective attractive well regions. It should be noted, however,
that such measurements cannot be used to obtain the well depth €
(equivalent to the dissociation energy D e) of He~containing pairs,
pecause the zero-point energy may be estimated only if several vibra-

tional states are observed. 19,66, 67

The implication is that for very
weak attractive wells (those which support no more than two bound
states), the DCS measurements contain more information about the

shape of the well than do the spectroscopic measurements.

_ B. Macroscopic properties

In a preliminary comparison of experimental macroscopic dilute

23-29

gas properties with those calculated from our M°SV or SPFD

scattering potentials, we encountered a problem similar to that of Chen

et a1.14

They were unable to satisfactorily reproduce second virial
coefficient B(T) data with an MSV potertial®? fitted solely to their He +
Ar scattering results, and chose to overcome this difficulty by using the
ESMSV form®°® instead (see the beginning of Sec. V). This is quite
reasonable insofar as the B(T) data are more sensitive to the repulsive
wall than are the scattering results; the former are sensitive primarily
to the attractive portion of the potential only at low temperature (see
Fig. 7 and Ref. 10). Viscosity and diffusion coefficients 5(T) and D(T),
& €spectively, are even less sensitive to the attractive portion of the

potentiallc’ ol in the relatively high temperature regime to which the

eXperiment g2~ 29 are inherently limited (by the condensability of
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the AT); it is therefore to be anticipated that these properties may also
not be described adequately by a potential fit solely to DCS measurements.
The usefulness of the He-Ar B(T), n(T), and D(T) data therefore is not
necessarily in distinguishing between potential curves or parameters
characteristic of the attractive well and adjacent regions of the potential,
put rather lies primarily in describing more strongly repulsive inter-
gqctions. In this regard, these data provide a means of obtaining the

potential for interatomic separations not probed by the thermal DCS
| measurements,

Dilute gas transport properties have been used to obtain the He-Ar

26 The

potential for repulsive interactions between 25 and 100 meV.
Jower distance limit of ~2.4 A to which these data are sensitive is
governed by the availability of high-temperature diffusion data, while
the upper distance limit is dictated by the failure of the fitting procedure
for distances beyond ~ 2.7 A. The potential obtained was displayed

26

graphically. We have been able to represent it accurately and con-

veniently by the Born-Mayer form
Vem(r) = ce®’  for 2.4 <r<2.7TA, (10)

with the nonreduced values of C = 1.23 X 10° eV and @ = 5.69 A™. The

range of validity of this repulsive potential does not overlap that of the
Potentials obtained from fits to the scattering data (see Sec. V). Conse-
‘quently, it should be possible to combine the potentials by ""switching"
between them. The "switch-over" should, of course, occur for inter-
atomic separations at which neither the DCS nor the #(T) and D(T) data
are highly sensitive to the potential. Halfway between the upper limit

for Eq.(10) of p=~ 0,75 and the lower reduced distance limit of sensitivity
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for DCS data (p=0. 81)'? is therefore an appropriate central "switch-

over” distance pg .

We choose a convenient switching function as

1
1 Eh 87-(:0—400)

h(p) = (11)
This function rises from O to 1 as p is decreased; the rapidity of the
rige is governed by 7. The switching function has a value h(p) = 0.5 at
p =Pos SO that we specify p, = 0.78. By requiring h(p) = 0.95 at the
upper limit for Eq.(1) of p = 0.75, thus dampening the influence of

one region of the potential on properties depending on ancther, we
specify 7 = 100. The swiiching function is thus completely specified by
the sensitivity of the DCS and gas transport properties to the potential,
‘without adjustment of either of its parameters. It is usedtoc combine
the VBM potential of Eq.(10) with the M°SV or SPFD potentials obtained
by fits to the DCS measurements. Denoting the latter collectively as

VDCS’ the "modified" M?SV or SPFD potentials are given by

V) = h(r/r ) X Vg (8) + [1 = hix/r_ )] X Vpeg(®) - (12)

(3]

The r,, reduction parameter is 3.659 A or 3.573 A for V being

DCS
the M’SV or SPFD potential, respectively (see Table II). In order to
test the validity of the above procedure for combining scattering and
Macroscopic data, the modified M’SV and SPFD potentials are used to
Calculate values for DCS, transport, and equilibrium properties for
Comparison with experimental results.

The virial coefficients were calculated by numerically integrating

E

9. (9); first and second quantum corrections’® were calculated and
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applied to the classical B(T), amounting to a total of 4.6% at T = 200 K

and1.0%at T = 600 K. Transport coefficients were calculated in the

10 by the method of Smith and Munn, &8 but using

first approximation
quantum mechanical cross sections (see Sec. III). The experimental
Akl Coefﬁcientsﬂb B,,, N, and D,,, were calculated from
measurements of the corresponding pure component and mixture
virial and transport properties, with the exception of Brewer and

23

Vaughn's B, coefficients. These were calculated using experi-

mental literature values for the pure component B(T).

The M’SV and SPFD potentials, whose parameters are listed in
Table II, were modified using Eqgs. (11) and (12), and then used for the
bulk property calculations. Results are presented in Table V, showing
the standard deviations of the various calculated properties from the
corresponding experimental ones. Also shown in this table (see the last
row) is the effect of modifying the M’SV and SPFD potentials on the
standard deviations for the fits to our DCS data. These standard devia-
tions correspond to values of the Aaoogs/a statistical index [Eq.(3)] of
2.16% and 2.15% for the modified M°SV and SPFD potentials, respect-
ively, In comparing these Aao. 95/oz to the values of 2.08% and 2. 07%
obtained in the absence of the modifications (see Table 1I), their effect
onthe DCS is seen to be rather minimal. The standard deviations for
our DCS fits may be scaled to those of other experiments by the signal
intensities at our out-of-plane reference angle of 4.9°. Using the norm-
alizatiop appropriate for Smith et al.'s data, our standard deviation then
becomes about 1.0, which is of the same quality of their best fits to their

15
data (Chen et al. do not report their fitting qualitym) .
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Both the modified M?SV and SPFD potentials are seen to describe
the experimental macroscopic data rather well (Table V). This is very
encouraging, especially since the B(T) data are reproduced, even though
they were not used at all in choosing the modified potentials of Eq. (12).
Wwe also note from the table that the modified M SV potential is slightly
petter able to describe the bulk property data than is the SPFD one.

The modified M SV potential is shown in Fig. 13, which has a
1ogarithmic energy scale above 1.0 meV. Also shown for compariscn
gre the corresponding curves for the ESMSY potential, 14 and for the
HFD one. 15 On the scale used, the modified SP¥D potential is very
close to the M°SV one and is not plotted. Let us first consider the three
potentials in the repulsive region between 2.4 A and 3.0 A, where we
can see that they are all quite similar. Both the modified M®SV and
SPFD potentials describe B(T) data as well as does the ESMSV one; this

was the only bulk property considered by Chen et al. 12

These two modi-
fied potentials also describe all the macroscopic data about as well as
15

does the HFD potential™~ (Table V). High energy integral collision

cross section resuilts are also shown in Fig. 13 for extremely repulsive

interactions. 69

Unfortunately, there is a gap between 1.8 A and 2.4 A
Where the potential is poorly characterized by this method (or by any
other); however, it is rather tempting to interpolate smoothly between
the high-energy scattering and bulk property results. If such an inter-
Polation ig valid, the repulsive He-Ar potential can now be regarded as
Teasonably well known for r> 1.4 A,

The comparison among the three potentials in the atiractive region

IS much legs satisfactory. The discrepancies seen in Fig. 13, especially
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petween the HFD and (modified) M?SV potentials, is beyond the 109

13

error bar established by independent computer simulation studies™" for

the sensitivity of the potentials in the attractive well region. These

disc
peen shown to be equivalent (Sec. V). Nor can the discrepancies be

repancies are not caused by differences in the data, which have

resolved by appealing to macroscopic properties, which are described
equivalently by our modified potentials and by Smith et al.'s HFD one
(Table V and Ref. 16). Rather, the discrepancies are caused entirely
by inadequacies in the potentials previously used to fit the scattering
data. We have independently shown that the present M?SV and SPFD
ones do have the flexibility required for an accurate potential to be
obtained from iterative fits to the DCS data. 330

As mentioned towards the middle of Sec. IV, we now discuss the
choice of the reduced distance p £ beyond which the theoretical multipole

54

expansion is used” ~ for the SPFD potential [Eq.(8)].

For an early statistical model of interactions between closed-shell

92 {pat the leading term of the multipole

atoms and ions, it was found
expansion mimics well the calculated potential for reduced distances
beyond p = 1.1 for Ar, and p = 1.7 for He,. Although the results of these
calculations were not very reliable for the repulsive and for the attrac-
tive well regions of the potential, the relative contributions of the
Short-range, induction, and dispersion components to the potential

at large interatomic separations is probably realistic. Our adoption of
Pg=1.6 for switching to the first three terms of the multipole expansion

18 predicated upon these semi-empirical results. da, T2

Lacking suffi-
Clently detailed accurate theoretical calculations, we also seek to justify

this choice empirically.
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To this effect, we fit the SPFD potential [rm, €, by, and b,
parameters of Egs. (4) and (8)] to our DCS data for values of o¢ held
sixed at 1.4, 1.8, and 2,0, in addition to the original value of 1.6.

Now, the computer simulation results of Paper I showed that up to five
gtatistically independent potential parameters may justifiably be fit to
our DCS data, 13 and that p £ is one such parameter, We therefore use

pg as the fifth fitted parameter in place of the ¢, dispersion coefficient, e
which is held constant by using a fixed long-range potential (see

Sec. IV), and fit the SPFD potential to the DCS data with the least-
squares optimization of o) included. The parameters obtained for all
these fits are shown in Table VI, and some of the resulting potentials

are displayed in Fig., 14. Within the range of distances of the potential
to which the DCS are sensitive, the effect of increasing Ps is primarily
to deepen the attractive well of the potential; the position of the repulsive
wall is changed only slightly over the range of oF values considered,

The shallow potential obtained from the pe = 1. 4 fit is considered
unrealistic because of its uneven shape in the interatomic distance

region between 3.5 A and 4.5 A (see the inset of Fig. 14); moreover,
least-squares convergence was unusually difficult to attain. Both prob-
lems are caused by the small b, parameter value obtained, leading to

inappropriately large73

b, and b, coefficients. This empirical evidence
that p; must be greater than 1.4 may indicate that the lower limit of
Iteratomic distances for which the multipole expansion is valid is

~5 4 for He-Ar. For Pg = 2.0, the increase in € is seen to be beyond
the error bar estimated to reflect the accuracy with which this part of

13

t "
he Potential may be determined. A stronger indication that the most
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9‘ppr'opriate among the fixed pg values is pg = 1.6 is provided by the
jeast-squares fitting of [oF to the DCS data. As shown in Table VI, this
results in a value of 1.64; the resulting potential is almost indistin-
g-uishable from the P = 1.6 one and is therefore not plotted in Fig. 14.
In this section we have shown that the repulsive wall region of the
potential, obtained exclusively from measurements of bulk properties,
may be combined with the weakly repulsive and attractive regions of the
potential, as determined exclusively by differential scattering experi-
ments. Microscopic and macroscopic properties are simultaneously
well described by this combined potential, which has thus been deter-
mined over a wider range of interatomic separations than would be
possible by consideration of either microscopic or macroscopic proper-
ties alone. This is largely due to non-overlapping regions of sensitivity

of such properties to the He-Ar potential.



-120-

v SUMMARY AND CONCLUSIONS
WVVW\"M’V\’VWWW‘"

The computer simulation results of Paper I and the thermal DCS
scattering measurements presented here have been used to construct
two equivalent, accurate potentials, having different mathematical
parameterizations, for the attractive well and adjacent regions of the
important heteronuclear rare gas diatom He-Ar. These potentials have
pbeen modified for strongly repulsive interactions, to which the DCS data
are insensitive, by 'switching over" to a potential determined exclusively

26

from dilute gas transport properties. This modification has virtually

no effect on the DCS scattering results, while a very good description of

23-29 is obtained without further variation of

gas-phase bulk properties
any parameters. Both potentials are most conveniently written in

reduced form,

f(o) = V(r)/e ; p=r/r . (4)

21, 22

The first of these is the modified SPFD, written as

N e
f(p) = h(p)Ae™ + [1 - h(p)] - b0x2§+ Lol )1,
\ =l

with  h{p) = E ; x=1-1/p andp<p, &(13)
14 eT(p“Po)
~(2i+4) for pz=p; .

fp) = - 2, o
g 2i4+4P f )

:3.13

We have used the results of Paper I to select N The DCS data

Presented in Sec. IV and shown in Sec. V to be equivalent to those of two
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14,16, 30

other laboratories, were used to determine the r , €, by, and

by parameters in the above equations. The value of the long-range
joining point p; was chosen on the basis of semi-empirical calcula-
! 5a, 72 and was justified in Sec. VI by goodness-of-fit criteria.
For p > Pps theoreticalM dispersion coefficients c., c;, and c,;, were
used; smoothness conditions at p = p; then determined b, and b;. We
.obtained the Born-Mayer parameters A and b from a repulsive

26 he

potential which resulted solely from gas transport properties.
ngwitching function' parameters p, and 7 [see also Eq.(11)] were chosen
to minimize the effect of one region of the potential on properties depend-

11, 18’, 63 and virial coefﬁcien‘t23"25

ing on the other. Integral cross section
data were reproduced successfully by the modified SPFD potential, and
were not considered further in its determination. Although our modified
SPFD potential is characterized by a total of 15 parameters, only the

five parameters r €, by, b;, and p; were obtained from the fits

m’
presénted here. The final modified SPFD parameters are listed in

Table VII.
The r - and € parameters of course retain their familiar
physical significance as the position and depth, respectively, of the

53 and the Born-

attractive minimum, as do the dispersion coefficients
Mayer repulsive parameters A and b. The b, parameter governs the
2
Curvature of the attractive minimum (i.e., Q_.f_j 1= 2b,), and p £
dpz p_.

may be regarded as the reduced distance beyond which the multipole
€xXpansion is appropriate. Unfortunately, the physical significance of
the remaining parameters is more obscure.

The second of our accurate He-Ar potentials is the modified

2
M SV, 20 written as:
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=

ko)
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=

where 1
h(p) =

?
. w=BzI2 4 pe1-8"1n 2
1+eT(,0“po) B" In 2

f(p) = eB(l—p) [eﬁ(lnp) - Zj for 1 - Bml In 2 <p <p, >(14)

f(p) = (pz-P) [s.(p; _p)z + 831 + (p-py) [salp- pl)z + 84|

for p, <p <p,

3
-(2i+4
o) = - L Copq 0 )
i=1

for p=p, .

The modified MSV potential for He~Ar is characterized by the 17 param-
eters listed in Table VIII. As for the modified SPFD poten-
tial [Eq. (13) and Table VII], only five of these parameters were adjusted
to fit the DCS data: T B, B’, and p,. Four of the remaining param-
eters are fixed by smoothness conditions (s, through s,), and a fifth is
otherwise completely determined {p,). The remaining long- and short-
range parameters were obtained in the szme fashion as were the corre-
sponding modified SPFD parameters.

The large number of parameters required to adequately describe
all the He-Ar data discussed here indicates that it is highly unlikely that
the principle of corresponding Statesw can be used to predict an accurate
interatomic potential for this system from those of others. It is there-
fore also unlikely that combination rules can be fcund having a predictive
accuracy comparable to that with which interaction potentigls for simple

Van der Waals systems may be experimentally determined.
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Independent computer simulation s’tudies]‘3 indicated that the range
 sensitivity of the present DCS data is 2.8 A to 6.5 A. Consequently,
e consider this to be the minimum range of validity of the M°SV and
gpFD potentialso However, in view of the supplementary information
giscussed here, the validity of the modified M?SV and SPFD potentials
extends to all separations larger than 2.4 A. If one furthermore inter-
polates these potentials over the 1.8 A to 2.4 A gap for which no accu-
rate information is available, the range of interatomic distances for
which the He-Ar potential can be assumed known is T $ 1.4 A, For such
interatomic separations, these two potentials are identical within experi-
mental error, and have been shown to provide an accurate representation
of the He-Ar interaction. For distances 2,8 A2 r 6.5 A, the potentials
obtained here are free of any significant biases arising either from the

experimental data or from the parameterizations used to model the

interaction.
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APPENDIX: CM TO LAB COORDINATE TRANSFORMATION
WWWVWVVWVWVVWVWV\/\A/\/WWVWV\AMMN\

We present here a brief description of the center-of-mass (CM)
to laboratory (lab) coordinate transformation equations, for an arbitrary
peam intersection angle and for arbitrary polar scattering angles. The
quantities used in this derivation are defined in the velocity vector

diagram of Fig. 15, which is restricted to elastic scattering, i.e.,
ul-u=u, (a1)

The Oz velocity-space lab coordinate axis is chosen to be coincident
with the primary beam velocity vector, and the x = 0 xz half-plane
contains the secondary beam velocity vector. The GZ velocity-space
CM axis similarly coincides with the primary particle CM velocity
vector with the GX axis being in the x = 0 xz half-plane. Orthogonal
unit vectors in the lab frame are i, i and li; in the CM frame they are

A

1. .i and I;{ . These unit vectors are related by:

~

:1; - i cos « +I§Jsina (i) 1
J=] (ii) ( (A2)
K = —isina + 1;:4 cosa (i) } ’

Where ¢ is easily expressed in terms of v,, v, and y. The relative

collision velocity vector u. is given by
Ly - L=54L"% - (43)
The scattered velocity vectors v and u are related by

Y = + }\1‘ s (A4)

Yo
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where

A~

1

Xg = o [}5 (m,v, + m,v, cCosy) + imzvgsinY] ; (A3)

M is the sum of the primary and secondary beam particle masses m,

and m,, respectively. The lab and CM scattered velocity vectors are

given by
vV = v(i sin@ cos ¢ +isin9 sin¢ + lécos 0) i
( (AS)
u = u(Isin®cos & + isin@sin@ + I:g cos ©) (ii) /

From Eqgs. (A2), (A4), (A5), and (A6) we obtain

Mvsing cos¢ = m,[v, siny +u,.(sin® cos® cosa - cos@ sina)] (i) \
Mvsing sing = m,u, sin®sin® (ii) %

(AT)
\

Mvcosd = m,v, + m,[v, cosy + ur(sine cos® sinw + cos® cosa)] (iii)).,

It is now useful to express 6, & and v in terms of @, ¢ and u.

Egs. (ATi) and (A7ii) furnish

& =0 for ¢ =0 @) \

f
f
l

& = oyt | TuBIN¥(Cd5 O - 1) for ¢ :-’27; (i1) % (A8)

L sin@® cosa

e e e

® = cos”

¢ ltor ¢ =0, =L (i) / ,



~-133-

whereé

A¢ =v,siny tan¢ (1 - cos ©)
qu :ursih@)tanqb coSw

Cq’) =ursin9.

The special cases ¢ =0 and ¢ = % correspond to in-plane and out-of-

plane scattering respectively, as defined in Sec. II. We may similarly

obtain 6 (in the range 0 to ) from Eqs. (A7):

. —1fm,[v, siny (1 - cos®) + uysind cosa/] ~ "~

g = tan [ = for ¢ =0 (1)}

= i
1 (A9)

l \l

g = f e SO UL - Co8 pF for ¢ = 0 (i) /'

' P sing ’
k
where

Py =m,v, + m,[v,(cosY + sin®siny) + u, cosOcosa]. (A10)

Finally, Eq. (AT7iii) yields

Py
M cosé

This quantity is useful in calculating the Jacobian of the (9, &) — (6, ¢)
Coordinate transformation. Requiring the conservation of flux upon
Performing this transformation, and relating differential surface

elements in the two coordinate frames, the ratio of the lab to CM DCS
gives 4
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%ab _ v 448
‘oM u’ } cos b l ( )
The angle 5 may be obtained from triangle OGD of Fig. 15 as
2 2 2
w4+ v - v
= cos™ e 1. (A13)

2uv

The output signals of our electron-bombardment detector are propor-
tional to number densities. To obtain quantities proportional instead
to fluxes, and hence to DCS's, we must multiply those signals by the

corresponding lab velocities. Therefore,

I.. Vv

T =T T (a14)
Iinc Va

where ISc and Iinc are the scattered and incident signals, respectively.
C is independent of scattering direction, and includes the secondary
beam number density and the detector acceptance angle. From Egs.
(A12) and (A14) we get

AL (A15)

. < .
Tse = . ‘cm

inc o’ ] coS 6] ,
Where C‘/Iinc is independent not only of the scattering direction, but
also of v and Yy

After specifying the variables v,, v,, ¥, ¢ and ®, as well as the
Constants m, and m,, the (8,¢) — (¢, ®) angular transformation is
Performed using Eqs. (A8) and (A9). The detected signal intensity Ig,

1s then obtained (in arbitrary units) from Eqs. (A11l) and (A15).
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Table I. Beam operating conditions

e

f———
Characteristic Primary beam  Secondary beam
—

peam gas He Ar

inlet pressure/torr 1300 3.2

inlet temperature/K 298 298

angular FWHM /deg. 1 3

most probable velocity/(km/sec) 1. 757 0.502
velocity FWHM? Av/v 0.10 0.75

Mach number 18 1.5

2 pull width at half-maximum,
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Table II. Interatomic potentjal fits to the experimental DCS's

: T
Potentialtypea cht:;re rm/ﬁ €/meV ghape parsmeters® xzd,e ACYO.QS/C! (%)
exp-6 in-plane 3.51 1.92 @ =11.2 1300 (3) 2.89
out-of-plane  3.55 2.27 12.3 650 (3) 1.97
combined 3.53,  2.06 11.6 3900 (3) 2.40
MSV in-plane 3.57 2.01 B=5.01 " 930 (3) 2.46
out-of-plane 3.58 2,36 5.61 460 (3) 1.65
combined 3.572 2,16 5.26 i 3300 (3) 2.19
Msv in-plane 3. 67 1.66 B =4.20,8 =17.70 740 (4) 2.22
out-of-plane 3.64 2.01 4.173 9.78 270 (4) 1.29
combinedf 3. 659 1.80 4.41; 8.54 2900 (4) 2.08
SPFD (N=3)  in-plane 3.63 1.53 b, = 11.5;b, =-3.91 700 (4) 2.17
out-of-plane  3.55 2. 00 24.0; -5.33 270 (@) 1.29
combinea!  3.57,  1.76 17.8;  -4.69 2900 (4)  2.07

2 Defined in Eqs. (5) through (8) of the text,

K See Sec. I, Potential parameters are fit to 38 in-plane data points, or 39 out-of-plane data points;
the combined potentials are fit to all 77 data points.

¢ Symbols have the same meaning as in Eqs. (5) through (8) of the text. The MSV and M*SV potentials
also have p, = 1.60; the SPFD potential has Py = 1.60. These three potentials use the theoretical
dispersion constants®®: 5% ¢ = 5,867 eV - 4% C, = 25.68 eV+A%; C,, = 152.1 eV - A%,

dScat’cering intensity normalized to 500 at 6, = 0.0°, 6, = 4.9°, and to 465 at 6, = 4. 6°, 6, = 0.0° for
the in-plane fits; the number of parameters varied is given in parentheses.

€ See Eqgs. (1) and (3).

f Best potentials.
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TABLE III. Fitted parameters for various MSV potentials. A

—
o 1y B0 5.

rm/A €/meV X AaO-.QS/a (%) Ref.

i

3.54 + 0.01 2.09 + 0.15 4100 (3) 2.44 14

3.55 2.30 3900 (2) - 2.36 18

3.55 2.25 3900 (2) 2.36 this work

P

apefined in Eq. (6) of the text, with 8 = 5.45, p, = 1.40,

C,=5.889 eV-A’; Cg =11.12eV.4% C,, = 0.

0.14

b geattering intensity normalized to 500 at Oy, = 0.0°, 8, = 4,9° for the

combined data fits; the number of parameters varied is given in

parentheses.

Csee Egs. (1) and (3).
d

The fitted parameters were g, T and € for reference 14, For

reference 15 and the present work they were L2 and € only, with 8

fixed at the value obtained in reference 14.
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TABLE VII. Modified SPFD potential parameters for He-Ar.?

Parameter Valueb Method of Determination
N 3 computer simulation®
o 3.574 A DCS measurements®
€ 1.76 meV DCS measurementsd
bo 17.75 DCS measurements®
b, ~4.685 DCS measurements®
Pg 1.60 semi-empirically; DCS measurementsd
Co' 1.602 theoreticallyf
c,® 0.549 theoretically®
eyl 0. 255 theoretically’
b, 15,13 smoothness at p = Ps
b, -19.23 smoothness at p = Ps
A% 6.972x 10 viscosity;® diffusion’ data
b8 20.33 viscosity;® diffusion’ data
Po 0.78 switching function [Eq. (11)]
T 100 switching function [Eq. (11)]

2 Modified SPFD form of Eq. (13), parameter symbols are used there
and in Eq. (4). o =3.08, A for this potential.

P Those values quoted to four digits (except rm) are not actually signifi-
cant in the last place; we display them only to avoid round-off errors
which might otherwise result in apparent discontinuities of the potential
at P

€ Reference 13.

i This work.

93,5 ¢ _5.867 eV &%,

€ Nonreduced dispersion coefficients are
C, = 25.68 eV+A°; C,o = 152.1 eV-A™,

3 Reference 54,

€ Nonreduced Born-Mayer parameters are C = 1.23 X 10° eV; @ =5.69 A,
R References 26 and 27.

. References 28 and 29.
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TABLE VII. Modified M°SV potential parameters for He-Ar.?

pParameter Valueb Method of Determination
Yo 3. 659 DCS measurements®
€ 1.80 DCS measurements®
B 4.41 DCS measurements®
B’ 8.54 DCS measurements®
P 1.60 semi-empirically; DCS measurements®
cd 1.358 theoretically®
c, ¢ 0.444 theoretically®
Cs0 d 0.196 theoretically®
Py 1.157 Morse B parameter
s, -0.552 smoothness at p = p, and p,
S, -2.573 smoothness at p = p, and p,
Sg -1.586 smoothness at p = p, and p,
S4 0.294 smoothness at p = p, and p,
Af 6.83ax10 viscosity:® diffusion data
bf 20.82 viscosity;g diffusionh data
Po 0.78 switching function [Eq. (11)]
T 100 switching function [Eq. (11)]

2 Modified M°SV form of Eq. (14), parameter symbols are used there
and in Eq. (4). o =3.08, A for this potential.

B Those values quoted to four digits (except rm) are not actually signifi-
cant in the last place; we display them only to avoid round-off errors
which might otherwise result in apparent discontinuities of the potential
at p = p,, p,, oOr at o/rm.

© This work.

d Nonreduced dispersion coefficients are?3: >4 ¢, = 5.867 ev - A°;

G, =25.68eV+A";C,o = 152.1 eV -A%C,

€ Reference 54.

i Nonreduced Born-Mayer parameters are C = 1,23 X 10° eV;a=5.69 A™.
€ References 26 and 27.

h References 28 and 29.
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FIGURE CAPTIONS
vav\/\

Fig. 1. Vertical cross section of the molecular beam apparatus,
drawn approximately to scale. FT - copper gasket feedthroughs,

DP;-5 — oil diffusion pumps, DP, — mercury diffusion pump, PB -
primary beam source, Nz - nozzle, Sk - skimmer, Ch - heam
chopper, VS — velocity selector, F1 — beam flag, SB — secondary beam
source, CA — capillary array, SCh — scattering chamber, QA - mass
spectrometer quadrant arm, GB - gear box and pulleys, MS — mass
spectrometer detector, AW - alignment window, IP, — 5 ¢/sec ion pump,
IP, - 25 {/sec ion pump, CP - liquid He cryopump, TL - transfer line,
IG - ionization gauge, BV - bakeout balve, GV - gate valve, IS —
electron bombardment ion source and ion optics, MF — quadrupole

mass filter, CB — Cu-Be dynode electron multiplier, Sp - Spiraltron
electron multiplier, Gh -~ in-plane scattering angle, ) = out-of-plane

scattering angle.

Fig. 2. Schematic of the crossed beam scattering zone, viewed from
above and drawn to scale. SC - scattering center, PB — primary beam
angular divergence cone, SB - secondary beam angular divergence cone,
MS - detector penumbra139 viewing cone (umbral viewing cone angle =
0.7°), C, = primary beam collimator, C, — secondary beam collimator,
C; ~ detector entrance collimator, C, — detector buffer chamber colli-
mator, Nz - primary beam nozzle, Sk — primary beam skimmer,

IS -~ mass spectrometer ion source.
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He + Ar experimental cross sections in the vicinity of the

Fig. 8.
girst diffraction oscillation. ICM(QCM) is the DCS in arbitrary units,
transformed to the CM coordinate frame at the scattering angle Sone
In-plane measurements on the left panel and out-of-plane measurements

on the right panel are shown as points with error bars; open circles are for
measurements at positive scattering angles and full circles are for negative
gcattering angles (in the sense defined in Sec, I1I). The lines are curve

fits, quadratic in 8-y, used to locate the minimum position; solid

lines are for positive scattering angles and dashed lines are for negative

seattering angles.

Fig. 4. Laboratory differential cross sections for in-plane and out-
of-plane scattering; the latter are shifted downwards by one decade for
clarity of display. Points with error bars are experimental measure-
ments of the He+Ar differential scattering cross sections Lap @10p)
sin9lab VS. elab at an average relative collision energy of 64.2 meV.
Curves are D(S's calculated from potentials fit separately to the two
sets of experimental data. Solid line: SPFD potential; dotted line:
MSV potential; dashed line: MSV potential; dash-dotied line: exp-6

potential. The potential parameters are given in Table II.

Fig, 5, Laboratory differential cross sections for in-plane and out-
of-plane scattering. Curves are DCS's calculated from potentials fit to
the combined sets of experimental data (parameters given in Table II);

other Symbols as in Fig. 4.
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Fig. 6. Interatomic potentials for He-Ar as a function of interatomic
gistance. The inset magnifies the vertical scale of the potential energy
minimum region by a factor of 2.5. Curves with dots are MZSV
potentials; those without are SPFD potentials. Solid curves: fits to the
combined in-plane and out-of-plane data sets (best potentials); short
dashed curves: fits to the in-plane data only; long dashed curves: fits
to the out-of-plane data only. The vertical error bar in the inset indi-
cates the estimated inaccuracy of + 10% in our determination at the
minimum, while the horizontal error bar at 7.5 meV on the repulsive
wall indicates the distance equivalent to the +30% uncertainty of the
potential there. The arrows on the abscissa at interatomic distances
of 2.8 A and 6.5 A delineate the range of sensitivity of the room-

temperature experiments to the DCS. =

Fig. 7. Differential contribution to the classical second virial
coefficient as a function of the reduced interatomic distance p. I(p) is
the integrand of the second virial coefficient expression [see Eq. (9) of
the text]. Curves are calculated from the SPFD potential whose param-
eters are listed in Table II. Solid line: T = 600 K and Py = 0. 80; dashed
line: T = 200 K and p; = 0. 80; dotted line: T = 600 K and p; = 0.81; py is
the point below which a Born-Mayer repulsive wall is used as discussed

in Sec. 1V.

Fig. 8.  Interatomic potentials of the MSV shape for He-Ar as a
function of interatomic distance; inset as in Fig. 6. Solid curve: this
Work; dashed curve: ref. 14; dotted curve: ref. 15. The potential param-
eters are given in Table III. Error bars and arrows along the abscissa

are placed as in Fig. 6.
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Fig 9. Laboratory-averaged differential cross secticns for in-plane

and out-of-plane scattering calculated from the corresponding MSV

potentials of Fig. 8.

Fig. 10. Interatomic potentials proposed for He-~Ar as a function of
jnteratomic distance; inset as in Fig. 6. Solid curve: SPFD potential
of this work; dashed curve: MSV potential from ref. 14; dotted curve:
HFD potential of ref. 16; dash-dotted curve: exp-6 potential of ref. 15.
The M’SV potential is not shown here as it is very close to the SPFD

one (see the solid curves of Fig. 6). Error bars and arrows along the

apscissa are placed as in Fig. 6,

Fig. 11. Laboratory differential cross sections for in-plane and out-
of-plane scattering. Points as in Fig. 4; curves are calculated from the

corresponding potentials of Fig. 10.

Fig. 12. He-Ar integral cross sections @ as a function of the relative
collision velocity v (lower abscissa scale) and corresponding relative
energy E (upper abscissa scale). All scales are logarithmic, Solid
curve: calculated from the SPFD potential of this work; dotted curve:
calculated from the (ESYMSV potential of Ref. 17. The error bar at

Vv =2.5km/sec represents a constant calibration error of + 2% in the

exXperimental data of Ref. 17.

Fig. 13, He-Ar potentials, plotted semilogarithmically for energies
above 1 meV, and linearly below 1 meV. Solid curve at the upper left

18 obtained from the high-energy integral collision cross section meas-
Wrements of Ref. 69. Other curves are constructed from an amalgam of

DCS and pulk property measurements, Solid curve: modified M°SV
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potential of this work (the modified SPFD potential is very similar and
is not plotted); dashed curve: ESMSV potential of Ref. 14; dotted curve:
HFD potential of Ref. 15. The horizontal error at r = 2.6 A is + 0,01 A
and is about the same as the horizontal displacements among the three
potentials there;z6 at the attractive minimum, the error bar is +109% of

. 13
the potentlal energy.

Fig. 14. Interatomic potentials of the SPFD shape for He-Ar as a
function of interatomic distance; inset as in Fig. 6. Different curves

are obtained by fixing p; = 1.6 (solid); p; = 1.8 (dashed); p; = 2.0 (dash-
dotted); pg = 1.4 (dotted), while fitting the four remaining SPFD param-
eters to DCS data. The corresponding curve with p ¢ fitted along with
the other SPFD parameters is almost indistinguishable from the pg = 1.6
curve and is not plotted. The potential parameters are given in Table VI,

Error bars and arrows along the abscissa are placed as in Fig. 6.

Fig. 15. Velocity vector diagram for He-Ar collisions at an
arbitrary beam intersection angle . O and G are the origins (in velocity
space) of the lab (Oxyz) and CM (GXYZ) coordinate axes, respectively,
as defined in the text. The detector position D has spherical polar
angles 9, ¢ and ©, @ in these respective frames . In configuration
Space, the CM moves at a velocity Yy with respect to the lab origin;

the Oz and GZ coordinate axes intersect at an angle o. Velocity vectors
are denoted 'v' in the 1ab and 'u’ in the CM frames; those with a sub-
Seript '1' refer to the primary beam, while a '2' refers to the secondary
beam, The scattered velocity vectors v and u (no subscripts) intersect
at an angle § . Symbols in the figure with overhead arrows are vector

Qantities, corresponding to bold-face symbols in the text.
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CHAPTER 3
Anisotropic intermolecular potentials

for He-(N,, O,, CO, NO)
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a)
and NO
€O, B~

Mark Keil, ) John T. Siankas, and Arcn Kuppermann

Arthur Amoes Noyes Laboratory of Chemical Physics,’ e}

@
Q

California Instifuie of Technology, FPasadena, California §1125

(Received

ABSTRACT.
pifferential sca tering cross sections are measured for He + N,,
0,, CO, and NO, using the cressed moelecular beams technigue.
These data, which are sensitive to the van der Waals atiractive

1

minima and adjacent regions of the intermoclecular potentials, are

analyzed in terms of both central-field and anisotropic modeis.

8

Little evidence is found for querching of the observed diffrac-

¢

tion oscillations, and anisotropic contributions are determined to

tials obtained by a central-fieid analysis., This study thus pro-
y N

vides a quantitative, empirical validation of the central-field

assumption for molecuwlar scaifering in weakly anisotropic systems.
—_— PR —
a)

This work was supported in part by a Contract (EY-76-S-03-767)
f)rom the Department of Energy. Regort Code: CALT-T87P4-174,
)Work performed in partial fulfillment of the requirements fcr
the Ph, D, degree in Chemisiry at the California Insiitute of

Technology .

9
Contributian Nao,



=165~

[, INTRQDUCTION
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van der Waals interaction potentials, which are responsible for
o wide variety of gas-phase, 1,2 as well as condensed-phase proper-
ties, 2,3 have been rather well characterized for rare gas atom-atom
pairwise interactions. These potentials, determined by a combination
of experimental4 and theoretica15 techniques, may now be used to

6-8 This success

correlate experimental data of many different kinds.
in determining such a detailed microscopic property as the weak van
der Waals interatomic potential has been due to a concerted and
sustained effort to obtain such information over the past several years.
Many of the techniques so successfully applied to the determina-
tion of atom-atom potentials have also been directed towards atom-
molecule and molecule-molecule systems. 9 Because of the additional
degrees of freedom, it may be possible to gain more information from
studies of van der Waals interactions in molecular systems than in
atomic ones: the potentials depend not only on the intermolecular
separation, but also on the molecular orientation and intramolecular

configuration, kg,

Very often however, the internal structure of the

molecular partner(s) is neglected; a central-field analysis is then used
to determine what is hoped to be the spherically symmetric component
of the full (anisotropic) potential.® This central-field analysis has

until recen’cly1 0,11

been necessitated by the complexities inherent in
analyzing anisotropic interactions. The validity of the central-field
analyses are thus predicated upon a combination of orientational av-

®raging of the potentials, which would result in "effective” spherically
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Symmetric potentials, and upon negligibly small anisotropies in the

intermolecuiar potentiais of the systems considered.
Anisotropic effects for molecular scatiering have been investi-
gated poth experimentally and theoretically. Quenching of the

oscillatory structure both for semiclassical and quantal systems
12,1 11,14

A 9

has been predicted,m’ and has been verified experimentally.
However, with most systems studied to date, the observed effects have
peen rather small, L4 In such cases, the lack of strong quenching has
peen taken as indicative of smalil anisotropies, and the central-field
analysis has been applied, usually without any further justification.
Recently however, it has become clear that anisotropic effectis for the
scattering of atoms by highly non-spherical molecules yield central-

field potentials which are quite different from the spherically symme-
i1

tric components of the actual anisotropic potentiais. ™ Consequently,
the validity of central-field analyses of scaitering in less highly aniso-
tropic systems must be verified gquantitatively. Phrasing the problem

somewhat differently, we need to know just how nearly isolropic

the system must be in order to vaiidaie the ceniral-field analysis.

It is only when the central field analysis is incapable of fitting the data
that information about the anisciropy of the potential can be deduced from
measurements that do not distinguish between elastic and concurrent

Inelastic processes.

In the present paper, we analyze experimental measurements

g

of the differential cross sections {DCY) for the highly quantura systems

He+Na, Q,, CO, and NO, obtained using room-temperature crossed beams,
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These systems were chosen as representative of non-hydride molecules

which should be weakly anisotropic. This is expected on the basis that

the diatomic bond lengths are significantly smaller (by a factor of
_9.5) than the smallest intermolecular separations to which the

present DCS data are sensitive. In Sec. II, we briefly describe the

appar
dures used to interpret them. The DCS measurements, and the

atus used to measure the DCS's, and the data reduction proce-

central-field and anisotropic intermolecular potentials extracted from
them, are presented in Sec. II. In Sec. IV, we discuss the appro-
priateness of the central-field analysis for these systems and compare
our potentials to those obtained from other experiments. Systematic
trends in the potentials for the four systems studied herein are also

discussed. Finally, we summarize our findings in Sec. V.
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n. EXPERIMENTAL AND DATA REDUCTION
e e

The crossed molecular beam apparatus used in this study has

peen described previously, 8,15

and is discussed below only very
guccinctly. The modulated He primary beam is formed in a super-
sonic expansion, and is angularly well collimated in two stages of
differential pumping. Secondary beams of the various gases studied
emerge from a glass capillary array, directly into the scattering
chamber, and are intense but only slightly supersonic. The secondary
beam sourcemay be tilted upwards, thus uncrossing the beams, to
allow measurements of the modulated primary beam scattered by
background gas. Beam operating characteristics are summarized in
Table I. Due to the slightly supersonic nature of the secondary beam,
its internal temperature (particularly its rotational temperature) may
not be the ambient one (298 K). We note that ifs velocity distribution
is best described by a2 Mach number of 1.5 (Table I) as well as an
effective specific heat ratio of 1. 84, 16 the latter indicating only a
very slight cooling of internal states.

A quadrupole mass spectrometer detector having an electron
bombardment ion source may be positioned at a variable angle in, or
out of, the plane of the beams. These experiments were performed
With out-of-plane detection (fixing the in-plane angle at 0°) of scattered
He atoms. This selection of scattering geometry increases the
laboratory angular spacings between the observed diffraction oscilla-
tions, enabling a better characterization. & In addition,

€Xperiments with He + Ar using this geometry yielded potentials whose
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fits to the DCS were of consistently higher quality than were those of

the in-plane detection geometry. o

Ion detection and signal processing
in these experiments utilized a 14-stage Cu-Be dynode electron multi-
plier, followed by several stages of analogue preamplification, and a
lock-in amplifier whose reference signal input was synchronized with
the primary beam chopper. The output signal was digitized for
sampling and averaging by a laboratory minicomputer, which also
performed background signal subtraction by uncrossing the beams and
remeasuring the modulated signal.

Differential pumping in the mass spectrometer is provided by a
small (5 ¢/sec) ion pump in the detector's entrance buffer chamber,
followed by a larger (25 £/sec) ion pump in the ionizer region. The
latter is supplemented during experiments by a liquid helium cryopump
(400 ¢/sec). In a very clean environment, such as provided by baking
out the detector at ~200°C for ~ 20 hours, the electropolished stainless
steel surface of the liquid helium dewar provides an effective pump for
all gases, including Ne, H,, and even He! : The pressure in the ion
source region was about 5 x 10*° Torr during the course of these
experiments.

Maintaining the scattering chamber pressure below 3 X 10°° torr,
and keeping the primary beam attenuation due to scattering by the
secondary beam at ~ 5%, ensures that the single-collision conditions
essential for DCS measurements prevail. The slight cryopumping of
NO on liquid-nitrogen cooled surfaces in the scattering chamber
allowed use of a somewhat higher secondary beam pressure for this

gas which, however, increased this beam's angular divergence slightly
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(see Table I). Periodic mass spectrometric checks of the secondary
peams revealed their high purity for all the scattering experiments,
with no discernible dimerization.

Scattered primary beam signals were measured between ~ 2, 7°
and ~16.5° above the plane of the beams, at a relative collision energy
of ~64 meV (the exact values depend on the identity of the secondary
peam gas). Measurements were also made for out-of-plane scattering
pelow the plane of the beams, in order to locate accurately the zero
position of the angular scattering scale (to within 0. 03°). 2 Long-term
drifts in beam intensities and detection efficiency were compensated
for by periodic measurements of the scattering signal at
a reference angle near 5°. The experimental DCS's are shown in

Fig. 1 for He + N,, He + O,, He + CO and He + NO.lS

Data points
represent the average of two or three independent angular scans per-
formed in several days' experimentation for each scattering pair;
total integration times at each angle ranged from ~2 min near 3°, to
~30 min at the widest angles. Signal-fc-noise ratios over the same
angular range were between about 40 and 6, respectively.

The data reduction procedure used tc obtain the fits shown in
Fig. 1 has been described previously. 8 Using Marquardt's
weighted least-squares prescription, 1 we fit the paraméters of mathe-
matical functions chosen to represent the intermolecular potential, as
discussed in Sec. IfI. DCS's in the center-of-mass coordinate frame
are calculated from partial wave phase shifts of high accuracy, and

are averaged extensively over the angular and velocity spreads of both

beams at the time the transformation to the out-of-plane laboratory
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coordinate frame is performed. The overall apparatus velocity reso-
Jution is ~12% FWHM for the systems studied here. Additional angu-
Jar averaging is also used to account for the overall apparatus angular
Lesolution, of 1.9° FWHM. 5

The functional to be minimized in the least-squares fits is given

by
n

2 S 2
X = 5—__—’1 84 (Ii - Gi) . (1)
Following Paper II, we define a goodness-of-fit statistical index more

suitable than x? for describing the quality of the fits to the DCS,

2

1 X
"o to.05 (M- K) n . A}
(n— k) - Zj/ . O’%

N

Al o5

a

In these equations, Ii and 0; are the measured (arbitrarily normalized)

18

and calculated (absolute) cross sections at each of n scattering angles,

respectively, with the normalized weights g5 For n data points and k

parameters, t (n-Xk) is the appropriate Student t-distribution

20

0.05

statistic for a 95% confidence level of the scaling factor a«. Note

that the A, ../ statistical index is independent of the arbitrary

G95
normalization used in the experiment, and furthermore is statistically
adjusted for the number of data points. This should allow a more
Straightforward comparison between the results from different

laboratories.
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ml. DATA ANALYSIS AND INTERMOLECULAR POTENTIALS
N\,\,\N\ANV\NWV\MA’WWVVVVWV\M’W\AN\ANWNVWW\« AN

The experimental DCS's obtained as described in Sec. II and
'displayed in Fig. 1 were fitted by weighted least-squares optimization
of the parameters of the intermolecular potentials described below.

These potentials are written in the reduced form

to) = V& 5o L 3)

€ r

where r . is the radius of the attractive minimum and € is its depth.
The zero of the potential, occurring at r = o, is related to B and the
potential shape f(p), and is not an independent parameter.

The mathematical shape funciions f(p) used in the present study
include the familiar LJ12-6 potential form, 3 in order to allow a com-
parison with results from measurements of integral scattering cross

21,22

sections. More flexible potential shape functions are however,

required to accurately describe the weak van der Waals interactions

8,23,24

analyzed here. One such potential func’s.i.on23 is the Morse-

spline-van der Waals (MSV) parameterization, 4 given by

B(1- 1= .
oy - PP BED) o x5 <o,

2 <2 :
£(p) = (ps-psi(p2-p) +85]+ (p-piS:(0 - 1) +5,]

for p, <p<p,

f(p) = - ?1 Coig P for p > p, .
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The cubic spline coefficients S5 (i =1 through 4) are fixed by smooth-
ness conditions at the spline points g and p, , with the first one being
chosen as the inflection point of the Morse function, = p, =1+ In2.
The second spline point is fixed at p, = 1. 6. 8
It has recently‘been shown that room-temperature DCS measure-
ments of the type considered here enable up to five independent poten-
tial parameters to be determined, providing that the parameterization in
which they are used has the appropriate flexibility. A In particular,
the MSV form of Eq. (4) necessarily couples the weakly repulsive wall
region of the potential with the attractive minimum, since the Morse 8
parameter is used to describe both these regions simultaneously.
The present room-temperature data, in addition to being sensitive to

the attractive well region of the potential, are also somewhat sensitive

to the weakly repulsive wall (down to p =0.8) and to the long-range

attraction (up to p ~1.7), and the

coupling between these two regions inherent in the MSV form tends to
yield attractive minima which are systematically too deep. iy et
Consequently, we also analyzed the data using a modified MSV potential,

26 This

which has a second Morse function joined to the first at r = 0.
M28V form uses the B’ parameter to describe the potential for r < o,
but is otherwise identical to the MSV potential of Eq. (4). Another

parameterization that successfully decouples the attractive minimum

region from adjacent regions of the potential is the third-order Simons-

Parr-Finlan Dunham (SPFD) potential, 21 given by



3 "

2 ) i 1
f)_b>\1+2b>k-1 forp=1- — and p<
(p ° i=1 p o
> (5)

3 .

T -(2i+4)
f(p) = - i____JI cZi+4 P for o) = pf s

W,

The two highest-order coefficients of the SPFD expansion (b, and b,)
are fixed by smoothness conditions®® at pp=1.6. 8

For reduced distances below p = 0,65 (to which our DCS data are
not sensitiveZ?’), the SPFD potential often shows spurious maxima or
oscillations. For numerical convenience in the phase shift calculation,
these irregularities are removed by using a Born-Mayer exponentially
repulsive wall, i.e., f(p) = Ae'bp, from some joining point Py down-
wards. A and b are fixed by smoothness conditions at p = 0y trial
calculations show that values of p; < 0.75 have no effect on the scatter-
ing results, and we usually use py = 6.70. £

Although nonreduced C; dispersion constants (not to be confused

with their reduced counterparts c,, where C, =¢ r;fn ° cg) have been cal-

29-31 e felt it best to fit

culated for all four systems considered here,
this region of the potential, for reasons discussed below. Thus, by
fixing ¢y =c,,=0 in Eqs.(4) and (5), we obtain ""effective" dispersion
Constants, termed C} for each interaction pair., These are expected to
be somewhat greater than the corresponding actual C; constants, because

of our neglect of higher-order dispersion terms, which have not yet been

Calculated, The ¢, parameter obtained bears significance only in
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describing the scattering data, and in describing the region of the

potential to which these data are sengitive. This region probably does

not extend as far as the 6.5 A upper limit attained for the He-Ar
potentials of Paper II, because the present experiments include low-
angle scattering data down to ~ 2.7°, instead of 1.9°. 8 As a further
consequence, our accuracy is probably less than 20% in the 'attractive
tail'' region beyond ~ 5A. &2 For these reasons, the C, parameter is
optimized in these fits instead of being held fixed at its theoretical value.
The MSV potential thus has four adjustable parameters (rm, €, B, and
¢;), while the M*SV and SPFD potentials each have five (r i B By [

andcg; 1 €, by, by, and c,, respectively).

m’

A prerequisite for Eq. (3), together with the reduced potential
forms of Egs. (4) and (5), to provide an accurate description of the
intermolecular interactions of the systems studied here, is that aniso-
tropic contributions to the potential must be small over the intermole-~
cular distance range to which the DCS data are sensitive (2.8 A Ir<
610&). 2 It is only in such a case that the potential is independent of the
molecular orientation. Although this central-field assumption may not
be made a priori for the analysis of atom-molecule scattering experi-
ments, we nevertheless base a 'first-order' extraction of intermole-
cular potentials on it.

A possible procedure for more appropriately modeling the
Systems studied here is to incorporate anisotropic contributions to the

intermolecular potentials in the LS. and € parameters of Eq. (3), using

an elliptical modification to central-field types of potentials :11
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"
Vr,y) =€) - flp,»], where p(r,¥) = ——— , and
Eypn 0¥
> (6)
1+rqsin2’}’\§ "
rm('}’) = rml 1+rq ; €(y) =¢co + €5 P (COSY).

In this expression r is the length of the position vector r of the
He atom with respect to the molecular center-of-mass, and y

is the angle between r and the molecular axis. For arbitrary v,
rm("') is the value of r at the potential minimum, and - €(y) is
the corresponding potential energy. The parameters rq and €,
are measures of the anisotropy of the intermolecular potential.
Any central-field reduced potential energy function f(p)

may be used, since Eq. (6) introduces anisotropy into the potential
through the elliptically shaped o (y) and the Legendre polynomial
representation for €(y). Scattering calculations for the anisotropic
potential model of Eq. (6)are performed using the infinite-order sudden

approximation, L

as discussed in Sec. IV. Because the MSV potential
form for f(p) is known to provide a reascnably good representation
for Spherically symmetric interactions wihout requiring too many

29 we use this form in Eq. (6) for the present

adjustable parameters,
anisotropic potential fits.

Since the central-field MSV potential already has four adjustable
Parameters, we may adjust only one of the anisctropy parameters of

Eq. (6) to the data. 23 We choose to fix the €,/ €, ratio (see Sec. IV.A),
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because of its greater influence on the rapid quantum
13b

while adjusting Ty

oscillatory structure of the DCS. The five adjustable parameters of

the anisotropic potential model of Egs.(4) and (6) are thus Yo 8 €
i ]

B, and cg. Unfortunately, the D_ 1 symmetry of our "cigar-shaped"

0> rq?

model potential of Eq.(6) is inappropriate for the He-CO and He-NO
interactions. A ''pear-shaped'" model having the appropriate Cooy SYM-
metry would, however, require at least one additional parameter. This
further refinement should have a rather small effect; we note for

32

example that the dipole moments of CO and NO are -0.112 D"” and

.+£0.158 D, - respectively (the sign has not yet been determined for NO).
These dipole moments are too small to produce the large distortions

in the overall electronic cloud distribution that presumably would
necessitate a model with C_, symmetry. By comparing the goodness-
of-fit [to the DCS data, as measured by the Aoy 95/ o statistical index
of Eq. (2)] of the anisotropic potential with those of the central-field
M?SV and SPFD potentials, all of which have five adjustable parameters,
it may be possible to gauge the appropriateness of the model potential

of Eq. (6).

Potential parameters for the He + N,, O,, CO, and NO van der
Waals interactions are given in Table II for the fits to the central-field
MSV, M’SV, and SPFD potentials of Eqs. (4) and (5). The Aa gs/o
goodness of fit index [Eq. (2)] displayed in this table statistically

8,20

accounts for the number of fitted parameters. It may immediately

be seen that the five-parameter M°SV and SPFD potentials are better
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able to fit the DCS data than is the MSV model, Although the size
parameters . and o are seen to be largely model-independent

(0. 04 A for P and +0. 01 A for 0), the MSV potentials give attractive
minima consistently deeper than those of the M°SV or SPFD potentials,

py ~15%. The latter two potentials’ € values are however, within 5%

of one another for each interaction pair. Under conditions of validity
of the centralfield assumption, the M’SV and SPFD parameterizations
yield potentials which are accurate, when fitted to room-temperature
DCS data for the present highly quantum systems, to about +10% in the
van der Waals atiractive minimum region. 23 The DCS data are fitted
about equally well by either the M°SV or SPFD potentials, with the
quality-of-fit being quite good except possibly for the He+NO system.
In Table ITI we list the parameters obtained by fitting the aniso-
tropic MSV potential model of Egs. (4) and (6) to the DCS data. In the
last three columns of this table, we also list the position and depth
parameters for the spherical averages of these anisotropic potentials;
we note that these are in quite close agreement with the corresponding
parameters of the central-field M’SV and SPFD potentials as listed in
Table TI. In Figs. 2-5 we plot these three spherically symmetric
potentials for the He + N,, C,, CO and NQ systems, respectively.
For each of the four systems studied, the central-field potentials are
Seen to be substantially the same as the spherical average of the aniso-

tropic potentials (see also the following discussion).
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[V. DISCUSSION
/WVVW\AM

A, Cegbral-1eld And aniegiropip potentin] amalysis

~

The van der Waals interactions for the atom-molecule systems
considered here are anisotropic. As such, the central-field potentials
generically represented by Eq. (3) provide at best an approximate
description of these interactions. Consequently, the first problem to
be addressed is the validity of the central-field assumption. In the
discussion that follows, we shall present a quantitative assessment
of this assumption.

Even if the central-field assumption were invalid within the range of
intermolecular distances sampled, Eq. (3) could still be expected to provide
an ""effective' description of processes which occur on a time scale much
slower than molecular rotations, since any such process *w.ould sample
only the spherical average of the anisotropic potential. Such processes
do not, however, include the present scattering experiment. For a
thermal rigid rotor at 300 K, representative of the secondary beams
used in the present studies (Sec. II), a typical rotation frequency is
~10" Hz (for N,). Under our experimental conditions, the collision
interaction time (to traverse ~8A) is ~5x 107'® sec, permitting the
molecule only about half a revolution during the collision.

Interpretations of scattering results for anisotropic interactions
have been based for some time on semiclassical calculations. 12 These
Showed that the effect of anisotropic potential scattering on integral
elastic cross sections is primarily to dampen, or quench, the glory
undulations. 34 Similar results were obtained for the supernumary

rainbow and rapid quantum oscillatory structure of elastic DCS's. i
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on this basis, "total" (elastic plus inelastic) DCS's not exhibiting the
quenching effect relative to corresponding DCS's from spherically
symmetric potentials have usually been interpreted as sensitive only

9 Such a

to the spherical average of the intermolecular potential.
straightforward application of the semiclassical theory for DCS's is
however, inappropriate for the highly quantum systems under discus-
sion here. As an example of the differences between semiclassical

and quantum scattering, we note that the present DCS's exhibit strong
undulations well beyond the classical rainbow angle (at ~4° for these
systems); semiclassical oscillations should not appear on the dark (wide -

9c, 34

angle) side of the rainbow, unless the effect of complex trajec-

tories is included. °°

More recently, quantum mechanical calculations have been
performed for scattering from anisotropic potentials. These calcula-
tions are extremely involved, and are expensive to perform exactly by
close-coupling techniques;% "routine' calculations more wieldy for
data reduction require the use of various approximation schemes. L
One of the most successful of these is the infinite-order sudden

13a

approximation (IOSA), which should be accurate when the collision

energy is substantially greater thanthe rotational spacings of the mole-

13b This condition is satisfied in the present case: the

cular partner.
most probable rotational levels at 298 K are separated by ~ 3 meV,
Whereas the collision energy is ~ 64 meV (Sec. II). Computationally,
the T0SA involves taking cuts along the potential energy surface for

various angles ¥ between the molecular axis and the position vector of

the approaching He atom with respect to the diatom center of mass.



-181-

The resulting potentials depend only parametrically on ¥, allowing
central-field scattering calculations to be performed at each such y.

The DCS's obtained in this manner are then simply spherically
averagedwa by an 8-point Gauss-Legendre quadrature to yield the

JOSA scattering pattern resulting from the assumed anisotropic

potential. Although this procedure appears to be tantamount to

assuming that the angle y remains fixed during the collision (which

would be incorrect, as mentioned at the beginning of this section), it

has been shown that the IOSA formulation need assume only that the
rotational energy level spacing, and the differences in centrifugal
potentials for adjacent orbital angular momentum channels, are small. 132
We note that the IOSA DCS's calculated in the above fashion are
degeneracy-averaged over initial, and summed over final, rotational
states. This is also true of our experimental measurements, which
were performed with a mearly thermal distribution of internal rotational
states (Sec. II), and without detection of fotational inelasticities. We
may therefore directly compare the IOSA DCS's with the experimental
measurements, after suitable coordinate transformations and instru-
mental averaging effects are included in the calculations (Sec. II).

In fitting the anisotropic MSV potential model of Eqs. (4) and (6)
to the DCS data, it was necessary to keep the number of adjustable
parameters limited to five. 2> Consequently, we fix the ¢, /¢, ratio,
but fit the Ty anisotropy parameter of Eq. (6). We predicate this
choice on the demonstrated sensitivity of the rapid quantum osciliatory

Structure on the attractive well position anisotropy, and on its relative
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ack of sensitivity to the well depth anisotropy. " A suitable estimate
for the well depth anisotropy was taken as ¢, /¢, = ~0.2, mimicking

the behavior of an electron-gas calculation for the He +CO potential
with angles v = 0 or 7 and y = n/2. 36b Note that ¢, /e0 < 0 implies that
the absolute minimum of the van der Waals potential energy surface is
along Y = /2, o The resulting fitted potentials, whose parameters
are given in Table III, are seen to be only weakly anisotropic. For
example, for the He + NO system, which exhibits the largest absolute

value of the anisotropy parameter r_, the ratio of o at ¥y = 0 to that at

“

y=7/2 is only 1.2, Referring o the Ay g5 /o columns of Tables II
and ITI, we see that for the He+N, system, the aniso-

tropic model does not fit the data any better than do the central-field
models having the same number of parameters (MZSV and SPFD poten-~
tials of Table II). The 'y parameters obtained from the fits to the
He+O, and He+CO DCS data indicate that radial anisotropies for these
systems are more pronounced than for He+N,. Despite this, the DCS
data are not fit strikingly better by the anisotropic potential medel than
by the central-field one. In contrast to these three systems, the
anisotropic potential fit to the He+NO D{S does yield a substantial
improvement over any of the centrai-field fits. In addition, we note
that the r ” radial anisotropy parameter is more substantial for He+NO
than for a;ly of the other systems considered in these studies (Table TiI).
Because of the °II elecironic symmetry of the NO molecule, He+NO
collisions at thermal energies involve two potential energy surfaces. 50
HOWever, since these experiments were performed using randomly
Oriented NO molecules, these cioselyn-related% potentials may be

3

aAveraged, yielding a single effective potential having axial symmetry.
y 2 | ¥
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we note that, for all four of these systems, the Ty parameter is nega-
tive, implying that the major axis of the fitted elliptical potential is
parallel to the molecular axis, as would be expected.

We must regard with some caution however, the relative sizes
of the Ty anisotropy parameters presented in Table IiI. & From the
He+N, fit, it is apparent that the present DCS data can be accurately
described, and well fit, by a central-field potential when the rq
parameter is smaller in magnitude than ~ 0.15. In addition, quench-
ing of the oscillatory structure or other obvious manifestations of
anisotropy are not present in our DCS data. Indeed, the experimental
DCS's presented in Fig. 1 are quite similar in overall appearance to
the He +Ar DCS of Paper T.° This is shown in Fig. 6, which displays
the latter DCS (also for scattering at a relative collision energy of
64 meV), for a similar range of scattering angles as used in this
study, as well as the present He+NO DCS. Both these DCS's, as
well as the He +N,, O,, and CO DCS's (Fig.1), exhibit a vestige of rainbow
scattering at ~4°, and all show the highly oscillatory structure at the
wider angles that is characteristic of systems with relatively long

de Broglie wavelengths and shallow attractive wells. Lt T

In addition,
the present scattering results may be fitted reasonably well with
potential models that are spherically symmetric (Table II). This is so
despite the fact that some of the experimental DCS's, and those
Ccalculated from the anisotropic potentials [Eq. (6) and Table III], show
a slight loss of undulatory amplitude as compared to the best-fit
(Central-field) calculations (Fig. 1). The potential parameters for the

molecular partnefs are all quite similar to those of the He+Ar pair

(Pa.per II). This is quite reasonable, based on the empirical observation
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that the well depth value ¢ depends primarily on the polarizability of

the least polarizable partner,”” which in all these cases is He.

The above similarities between the present slightly anisotropic
potentials and the central-field He+Ar one suggest that the DCS's
presented in this paper may be interpreted with a fair degree of con-
fidence as due primarily to central-field scattering. Similar argu-
ments have been used in the past to justify the central-field potentials

obtained from the analysis of scattering for anisotropic interactions .9’ 14

13a and con-

However, as has recently been suggested theoretically
firmed experimentally, Lt this justification is invalid for highly aniso-
tropic interactions such as Het(CO,. More quantitative evidence is
therefore required to justify the central-field potentials' validity for
the somewhat less anisctropic systems considered herein and else-
where .9 Evidence of this kind is provided by comparing the spherical
averages of the anisotropic potentials with the central-field potentials,
as extracted from the present DCS data (Tables II and III, and Figs.
2-5). We see that the central-field potentials are apparently indistin-
guishable from the spherical average of the anisotropic potentials.
Thus, for the present systems, which are only slightly anisotropic

and which show little evidence for quenching of the rapid quantum
oscillatory structure in the DCS (Fig. 6), the central-field analysis
may be used to obtain intermolecular potentials which closely approxi-

mate the spherical averages of the actual anisctropic interactions.
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B. Comparisons with other potentials

We now compare the present spherically symmetric potentials
with earlier proposed ones. We do not, however, consider results from
pulk property measurements (e.g., virial coefficients, viscosity data,
etc.). This is because the bulk properties of highly quantum systems
are usually sensitive only to a part of the repulsive wall to which
the DCS data are insensitive. 8 All four of the systems studied here
have been investigated by measuring arbitrarily-normalized integral
scattering cross sections Q as a function of the relative collision
velocity v;21 absolute Q(v) measurements have also been reported for
He O,. e The arbitrarily-normalized Q(v) provide data sensitive to the
"area' of the attractive well, which is usually expressed as the product
€T 1b and is dependent upon t he model chosen to describe the
interaction. The € - B products for a 1.J12-6 model are presented
for the Q(v) results in Table IV. To provide an indication of the con-
sistency of our DCS measurements with these results, both of which
are sensitive to the attractive well region, we fitted the L.J12-6 model
to our scattering data (Sec. IIl). We list the corresponding e - T
products in the same table, where we see that the DCS values are in
reasonable agreement with the parameters obtained from the Q(v)
results. We note however, that these values are no more reliable than
is the rather crude 1.J12-6 model, and are presented here only as a
rough estimate of the compatibility of the Q(v) and DCS results. °

More reliable values for the e - Tos products may be obtained from the

more accurate five-parameter potentials, and are presented in Table IV.
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Also in Table IV, we compare our fitted "effective’ Cj
dispersion coefficients (Sec. IIT) with those obtained theoretically.
The experimentally determined coefficients for He + G,, CO, and NO
are seen to be ~ 20% higher than the corresponding calculated

oneS-29-31 This is expected from our neglect of dispersion interaction

contributions of higher order than C; (Sec. III). However, the dis-
Q

crepancy for He+N, is almost a factor of two, 41 with our experimental

value appearing to be anomalously high with respect to the other

experimental values. This difference may be related to our lack of

very low angle measurements. We therefore place less confidence in

our He + N, long-range potential than in ocurlong-range potentials for

He + O,, CO, and NO. We also compare the present He + CO
36b

potential to that calculated from the electron-gas formulation.

The latter's spherically symmetric component has r__ = 3.30 131,

m
0=2.98 A, and ¢ = 2.8 meV. The theoretical distance parameters

appear to be too small by ~ 0.4 fx, while the well is too deep by perhaps
~25%. This is not too surprising, since it is known that the electron-

gas method does not yield very good results for attractive interactions

R b | k3 ° R
3¢,d Tpig may 21so be responsible for the

A g o . 36b . . .
observation that the theoretical anisoiropies for the well region of

of He-containing systems.

the He+CO potential appear to be somewhat Jarger than indicated by the
rq parameter obtained from the present analysis of DCS scattering
results.

Finally, we compare in Fig. 7 the spherically averaged aniso-

tropic potentials of the four scattering systems described in the present
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paper. As is already evident from Tables II and III, and is more
graphically seen in the figure, the He+O, potential's attractive
minimum occurs at a significantly shorter interm dlecular separation
than do those of He + N,, CO, and NO; the attractive minimum is also
somewhat deeper for He + O,. We also note that the repulsive walls

of the systems studied generally have the same steepness (except
for He + NQ), but that the intermolecular distance at which they occur
(as indicated by the value of o, for example) appear to be somewhat
different. These differences are not correlated with the equilibrium
bond lengths of the diatomic molecules (O, > NO > CO > N,). In deter-
mining the potentials for these systems, it was hoped that some such
simple correlation could be found between the electronic or molecular
structures of these molecules and their van der Waals interactions

with He atoms. Thus, N, and CO were naively expected to yield

closely related spherically averaged potentials. Similarly, NO (with
one unpaired electron) was expected to show some of the characteristics
apparently peculiar to O, (with two unpaired electrons), such as those ‘
mentioned above. The lack of any such simple correlations is
testimony to the complexity of van der Waals interactions in the weakly
repulsive and attractive minimum regions; only the long-range poten-

tials are as yet well understood.
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SUMMARY AND CONCLUSIONS
ARSI AN SN R Moo

By measuring the differential cross sections (DCS) for scattering
of a room-temperature hypersonic beam of He by crossed beams of N,,
0,5 CO, and NO, we have determined intermolecular potentials
describing their van der Waals interactions in the atiractive minimum

23 The extraction of these inter-~

and adjacent regions of the potential.
molecular potentials were based initially on the central-field assump-
tion, since there was little evidence for guenching of the experimental

12,13 11,14,

DCS's, which have been predicted, and observed,
scattering from highly anisotropic potentials.

A more detailed analysis, using a convenient and realistic aniso-
tropic intermolecular potential model, together with the infinite-order
sudden approximation, hia was used tc show that anisotropy contribu-
tions are appreciable only for He+NC, being negligible for He+N,, and
small for He+QO, and He+CO. The present study provides examples of
é.nisotropic interactions which are too weak to significantly distort the
DCS scattering patterns irom those expected from central-field inter-
actions. Indeed, the central-field potentials are indistinguishable,
within experimental error, from the spherical averages of the present
anisotropic potentials. This finding is in strong contrast to scattering
results for more highly anisotropic interactions, such as He+CQ,. L
For weakly anisotropic interactions in highly quantum systems,the
central-field assumption thus provides a valid framework for the
extraction of intermolecular potentials from thermal scatiering data

13-Cking discrimination between elastic and inelastic contributions.
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Cconsequently, of course, more detailed experimental information,
guch as the measurement of inelastic cross sections, will be required
for determining anisotropic contributions to the intermolecular poten-

tials for such systems from DCS scattering data, 40, 41
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FIGUBE _GAEBTIONS

Figure 1. Laboratory differential cross sections for out-of-plane
gcattering of He by N,, O,, CO, and NO, with ordinates shifted down-
wards by one decade for each system in this sequence. Points with
error bars are the experimental measurements of the scattering cross
sections18 I(6) - sinf vs. the scattering angle ¢ at a relative collision
energy of 64 meV. Curves are DCS's calculated using potentials
extracted from the data. Solid lines: anisotropic MSV potential; dashed
lines: central-field SPFD potential; dotted lines: spherical average of
the anisotropic MSV potential. The potential models are presented in

Egs. (3-6); their parameters are given in Tables II and III.

Figure 2. Spherically symmetric intermolecular potentials for He+N,
as a function of intermolecular distance. Solid curve: central-field
SPFD potential; dashed curve: central-field M SV potential; dotted
curve: spherical average of the anisotropic MSV potential. The error
bars on the SPFD potential represent the accuracy with which it has
been determined, +10% of the potential energy at the attractive

minimum, +0. 04A in the position of the repulsive wall at ~ 7.5 meV.

Figure 3. Spherically symmetric intermolecular potentials for He+Q,;

Symbols as in Fig. 2.

Figure 4. Spherically symmetric intermolecular potentials for He+CO;

Symbols as in Fig. 2.
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Figure 5. Spherically symmetric intermolecular potentials for

ge+NO. Symbols as in Fig. 2.

Figure 6. Laboratory differential cross sectionsl8 for out-of-plane
gcattering of He by NO and by Ar; the latter are shifted downwards by
one decade for clarity of display. The He+Ar DCS is reproduced from
Paper 118 for comparison with the He+NO DCS. Points with error bars
ére as in Fig. 1. The curves are DCS's calculated from the fitted
central-field SPFD potentials. Note the overall similarity between the
two cross sections, but compare this to the slight dampening of the
rapid quantﬁm oscillatory structure in He+NO at § = 7°, 9° and 12°,

relative to the best-fit central-field calculation; the He+Ar DCS shows

no analogous effect.

Figure 7. Spherical averages of the anisotropic MSV potential model
of Egs. (4) and (6), as a function of the intermolecular separation,
Solid curve: He+N,; dashed curve: He+O,; dotted curve: He+CO;
dash-dotted curve: He+NO. The error bars on the He+N, potential

have the same meanings as in Fig. 2.
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CHAPTER 4
Spherically symmetric intermolecular

potentials for He-(CH,, NH,, H,0, SF,)
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(Received )
ABSTRACT

Differential scattering cross sections are measured for He + CH,,
NH,, H,0, and SF,;, using the crossed molecular beams technique.
These data, which are sensitive to the van der Waals attractive
minima and adjacent regions of the intermolecular potential, are
interpreted in terms of central-field models. No evidence is found
for quenching of the observed diffraction oscillations. The inter-
actions of the isoelectronic hydrides CH,, NH,, H,0 with He are
found to have decreasing van der Waals radii in this sequence, and
their attractive wells all have similar degths. However, the He +
SF, attractive well is found to be anomalously deep, and provides a
counter-example to the supposition that only the polarizabiiity of the
least polarizable of the interacting pariners (atoms or molecules)

Correlates with the van der Waals well depth.
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;. INTRODUCTION
FAP AN

In recent years, a considerable amount of work has been done,
poth experimentally1 and theoretically, 2 to improve our knowledge of
interatomic potentials for van der Waals interactions. 8 Molecular
peam elastic scattering experiments yield information about these
weakly attractive potentials at a level of detail inaccessible to many
other techniques, especially for highly quantum systems. 26y 2,
Potentials for such systems are now well characterized, enabling
experimental data of many different kinds to be correlated and accu-
4,6,7

rately described. However, relatively little is known about atom~

molecule or molecule~-molecule van der Waals potentials, especially
with regard to their orientation dependence. B~%1

In the present paper we analyze experimental measurements of
the differential cross sections (DCS) for the highly quantum systems
He + CH,, NH,, H,O, and SF, using room-temperature crossed beams.
The first three molecules represent an isoelectronic series, progress-
ing from non-polar CH, to the highly polar NH, and H,0. The He + SF,
system is an example of the interaction between an atom and a highly
Symmetric large molecule, In this sense, the He + CH,, NH,, and
H,O interactions span an interesting transition from a highly symmetric
molecule to ones having rather asymmetric nuclear arrangements.
A In Sec. II of this paper, we briefly describe the apparatus used
to measure DCS's, and the data reduction procedures used to analyze

them, The DCS measurements, and the intermolecular potentials

extracted from them, are presented in Sec. III. The importance of
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anisotropic contributions (or lack thereof) to the measured potentials
is discussed in Sec. IV, where we also compare our results with those
of different experiments. Systematic trends in the potentials for the
gystems of this study are discussed. Finally, we summarize our

sindings in Sec. V,
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EXPERIMENTAL AND DATA REDUCTION
g, BXPERRCALOR IR LA BRCEA R

The crossed molecular beam apparatus used in this investigation
4,8c,12

has been described previously, and only its major components
are discussed here. The modulated He primary beam comes from a
room-temperature nozzle source, and is angularly well collimated in
two stages of differential pumping. Secondary beams of the various
gases studied emerge from a glass capillary array, directly into the
gcattering chamber, and are intense but only slightly supersonic.
This beam source may be tilted upwards, thus uncrossing the beams
and allowing measurements of the modulated primary beam scattered
by background gas. Beam operating characteristics are summarized
in Table I. We note that the secondary beam velocity distributions is
best described by a Mach number of 1.5 and an "effective' specific
heat ratio of 1. 64, 1S indicating only a very slight cooling of internal
states; thus the rotational temperature is presumably close to the
ambient one (298 K).

| A doubly-differentially pumped quadrupole mass spectrometer,
scahning out-of-plane angles (with the in-plane scattering angle set to
zero), is used to detect scattered He atoms. Angular spacings
between the observed diffraction oscillations are slightly greater for
this selection of scattering geometry than for the in-plane scanning
geometry that the apparatus also permits. In addition, it allows a
more straightforward verification of the symmetry for scatiering on

both sides of the primary beam, since coordinate frame transforma-

tons are not required for this purpose. This symmetry is exploited,
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as in previous work, to yield scattering angle measurements accurate
to within ~ 0.03°, 4 A 14-gstage Cu~Be dynode multiplier is used for ion
detection in the analogue mode. Its output is processed by several stages
of preamplification, followed by phase-sensitive lock-in amplification,
with the reference of the lock-in synchronized with the primary beam
chopper. The output of the leck-in amplifier is digitized for sampling
and averaging by a laboratory minicomputer, which also performs
packground signal subtraction by uncrossing the beams and remeasur-
ing the modulated signal. With liquid-helium cryopumping in the
jonizer region of the mass spectrometer, background pressures of
Z5X% 107" torr were realized for these experiments. For the He +
CH,, NH,, and H,0 experiments, total integration times at each
scattering angle, representing data accumulated over several days'
experimentation, ranged from ~ 2 min near 3°, to ~ 20 min at the
widest angles. Corresponding signal-to-noise ratios were apout 40
and 6, respectively. Because of its larger scattering cross section,
the same signal-to-noise ratios could be attained for the He + SFy
experiment with only ~ £ of the total integration times used for the
hydride scattering partners,

Maintaining the scattering chamber pressure below ~3 X 1¢7°
torr, and keeping the primary beam attenuation due to scattering by
the secondary beam at < 5%, ensures that the single-collision condi-
tions essential for DCS measurements prevail. Rapid cryopumping
of NH, and H,0 on liquid~nitrogen cooled surfaces in the scattering
Chamber aliowed the use of somewhat higher secondary beam
Pressures for these gases, which however, increased these beams'

angular divergences somewhat (see Table I). Feriodic mass spectro-
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metric checks of the secondary beams revealed their high purity for
411 the scattering experiments. In particular, a careful check was
made for dimers of the particularly condensable NH, and H,O beams.
No dimerization was detected down to the estimated sensitivity limit
of ~ 107" relative to the monomer, despite the integrity of (for
example) H,O ionic polymers as produced by electron-impact ioniza-

tion. 14

Scattered primary beam signals were measured between ~ 2, 8°
‘and ~18° (for CH,, NH, and H,0) or 15.3° (for SF,)
above the plane of the beams, at a most probable relative collision
energy of ~63 meV (for CH,, NH, and H,0) or 64.1 meV (for SF,).
The corresponding de Broglie wavelengths are ~ 0. 64 A for the first
three systems and 0.58 A for the latter one. Measurements were
also made for out-of-plane scattering below the plane of the beams,
in order to locate accurately the zero position of the scattering scale
(see above). Long-term drifts in beam intensities and detection effi-
ciency were compensated for by periodic measurements
of the scattering signal at a reference angle near 5°. The experimen-
tally measured DCS's are shown in Fig. 1 for He + CH,, He + NH, and
He + H,0, and in Fig. 2 for He + SF,. .
The data reduction procedure used to obtain the fits shown in
Figs. 1 and 2 has been described previously,4 It consists of a
standard weighted non-linear least-squares optimization of the param-

16

eters”” of mathematical functions chosen to represent the intermolec-

ular potential, as discussed in Sec. III. As in previous work,

Appropriate velocity and angle averaging is included in the DCS
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calculations. The overall apparatus velocity resolution is ~ 159
FWHM for He + CH,, NH,, H,0, and ~11% FWHM for He + SF; the
overall apparatus angular resolution is 1.9° FWHM. 4

The least-squares parameter optimization minimizes the func-

tional

(k=)

\ 2
X:2 = = gi (Ii = 0"01) . (1)

As in our earlier studies, we define a goodness-of-fit statistical index

more suitable than x? for describing the quality of the fits to the DCS,

2

Ady../a =1/a - t, . (n-k) [& );1

2
(n“k) 'iZ:ll gioi

(2)

In these equations, I; and o, are the measured (arbitrarily normalized)

and calculated (absolute) cross sweci:ioms15

at each of n scattering
angles, respectively, with the normalized weights g;e For n data

points and k parameters, t, . (n-k) is the appropriate Student

0-05
t-distribution statistic for a 959 confidence level of the scaling factor
01-17 We point out that the Aa,,,, /@ statistical index is independent
of the arbitrary normalization used in the experiment. Furthermore,
It is statistically adjusted for the number of data points and fitted
Parameters, which should allow a more straightforward comparison

between different potential forms, and between scattering results from

different 1aboratories.
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f(p) = eB(1-p) [eﬁ(l'p) - 21 for p < pll )

f(p) = (pg - p)[sl(pz - p)2+S3]+ (o= Pl)[sz(p - 101)2 +S4] (4)

for p; <p <p,

3

f(p) = 'Ei:

~(2i+4
Coira P ity for p > p,

The cubic spline coefficients S5 (i =1 through 4) are fixed by smooth-
ness conditions at the spline points p, and p, with the first one being
chosen as the inflection point of the Morse function, p, =1 + 87" In 2,
It has recently been shown that, for rocom-temperature DCS
measurements of the type being considered in the present study, up
to five independent potential parameters may be determined. 20 For
these parameters to be statistically independent of each other, and
hence physically meaningful, the mathematical form of the potential
in which they are used must be appropriately flexible, For the experi-
ments considered herein, the shape of the attractive minimum region,
to which the DCS data are highly sensitive, must be adjustable inde-
pendently of the adjacent regions. In particular, for systems with a
collision energy relative to € of ~ 30 (however, see also Sec. IV), the
DCS data are somewhat sensitive to the weakly repulsive wall (up to
V ~8 meV), requiring a parametric form that decouples this region

from the attractive well, 20

Consequently, we also analyze the data
Using a modification of the MSV potential, having a second Morse func-
tion joined smoothly to the first at r = 0. Inthe resulting MSV poten-

tial, - the additional Morse parameter g’ is used exclusively to



=219~

describe the shape of the repulsive wall. Another parameterization
that successfully decouples the attractive minimum region from adja-
cent regions of the potential is the third-order Simons-Parr-Finlan-

punham (SPFD) potential, e and is given by

<
3
f(p):bof§+zlbix9—l forhzl—l/pandp<pf
1=
: ) 6
\ -(2i+4
1(p) = - 2 314 9 B orp = gy
J

The two highest-order SPFD coefficients b, and b, are fixed by
smoothness conditions24 at the value of p; = i 6.4’ 40

Although some of the dispersion coefficients have been calculated
for the interactions of the three lighter molecular partners with He, 28, 20
we felt it best to fit this region of the potential empirically, for reasons
discussed below. By fixing ¢; = c,, = 0 in Eqs. (4) and (5), we obtain
"effective' dispersion constants, labeled C;, for each interaction pair.
We expect these Cj (=€ rmcs) to be somewhat greater than the corre-
sponding correct C; constants, because of our neglect of higher-order
contributions. This neglect may have a substantial effect on the long-
range part of the potential, especially for interactions of He with the
highly polar molecules NH, and H,0. These should have large r
contributions to the dispersion energy, which have been estimated as
~30% of the r component (at p = 1.6), even for the nonpolar He + CH,

26

interaction. However, the sensitivity of the present DCS data to the

intermolecular potential is restricted to reduced distances p 21, s

Since very low-angle scattering data are lacking. 0 Because we use
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the dispersion expansion only for p 1.6, the C} r° representation
should provide a reasonable approximation to that part of the long-
range potential which affects our DCS scattering measurements. For
these reasons, the Cg parameter is permitted to vary in these fits
instead of being fixed at its theoretical value. The MSV potential thus
has four adjustable parameters (rm, €, B, and c¢,), while the MZSV
and SPFD potentials each have five (r_,, €, 8, ', and cg; 1, €, bo,

b,, and Cg;, respectively).

A prerequisite for Eq. (3), together with the reduced potential
forms of Egs. (4) and (5), to provide an accurate description of the
intermolecular interactions of the systems considered in the present
paper, is that anisotropic contributions to the potential must be small
over the intermolecular distance range to which the DCS data are
sensitive. Although this central-field assumption may not be made
a priori for the analysis of atom-molecule scattering experiments, 10

we nevertheless base our extraction of intermolecular potentials on it.

This procedure is justified in the following discussion (Sec. IV).
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1v. DISCUSSION
PRSI

The van der Waals interactions for the atom-molecule systems
considered here are anisotropic. As such, the central-field potentials
generically represented by Eq. (3) provide at best an approximate des-
cription of these interactions. Consequently, the first problem to be
addressed is the validity of the central-field assumption.

Even if this assumption were invalid within the range
of intermolecular distances sampled, Eq. (3) could still be expected to
provide an "'effective' description of processes which occur on a time
scale much slower than molecular rotations. Any such process would
sample only the spherical average of the anisotropic potentials for
sufficiently weak interactions. Such processes do not, however,
include the present scattering experiments. Typical rotation frequen-
cies of the molecules in the secondary beams used in the present
studies are ~10'” Hz for the hydrides, or ~5 x 10'° Hz for SF,.

Under the present experimental conditions, the collision interaction
time (to traverse ~8 A)is ~5 x 107" sec, corresponding to only about
half a revolution during the collision for the hydride molecules, where-
as the SF, molecule remains esseﬁtially motionless. The inversion
frequency of NH, is ~ 50 times slower than the rotation frequency, and
therefore does not contribute to averaging of the interaction.

Interpretations of scattering results for anisotropic interactions
have been based for some time on semiclassical calculations.27
HOWever, this theory is inappropriate for the highly quantum systems

Studied herein. Asan example of the differences between semiclassical
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and quantal scattering, we note that the present DCS's exhibit strong
gndulations well beyond the classical rainbow angle (at ~4° for these
Systems); semiclassical oscillations should not appear on the dark

8c,28

(wide-angle) side of the rainbow unless the effect of complex

29 In the present study, we predicate our

trajectories is included.
apalysis on a recent empirical, quantitative validation of the central-
field assumption for highly quantum systems that are only weakly
anisotropic. L In that study (Paper IIX of this series), it was found
that the DCS's for He+ N,, O,, CO, and NO showed little evidence for
quenching of the observed rapid quantum oscillations that is expected

30

both semicla.ssica].ly27 and quantum mechanically, "~ and that has

recently been observed for scattering in highly anisotropic systems
(e.g., He + CO,). H This lack of evidence for quenching is equally
true for other H,, D, and He collisions with weakly anisotropic mole-
cules. & Moreover, the results of Paper III showed that the spherical
averages of the anisotropic potentials extracted from an infinite-order
sudden approxjmaj;jonBOa analysis of the DCS data presented there were
indistinguishable, within experimental error, from the potentials
obtained by accurate central-field analyses of these same data.

This is true despite a van der Waals attractive minimum distance that
was found to be up to 20% greater for linear configurations than for

the perpendicular one. From this it was concluded in Paper III that a
central-field analysis does indeed yield the spherically symmetric com-
Ponent of the interaction potential. This conclusion is valid for weakly

hisotropic systems showing little evidence (according to the quantita-

tive criteria given in Ref. 10) for quenching of the rapid oscillatory
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structure characteristic of central-field elastic scattering of highly
quantum systems. This had previously been supposed for molecular
geattering. 8 Unfortunately, a quantitative validation of this result for
the present polyatomic systems would be difficult, because too many
parameters would be needed to adequately model the corresponding
potentials (e.g., two angular degrees of freedom, strong polar effects,
etc.). Consequently, we may apply only the qualitative aspects of the
conclusions enumerated above to the present study. We first dicuss
the results for the hydride partners, and treat the He + SF; interaction

somewhat separately later in this section.

Potential parameters obtained from central-field analyses of the
He + CH,, NH,, and H,O DCS's are presented in Table II. As in pre-
vious work, it may immediately be seen that the five-parameter M’SV
and SPFD potentials are better able to fit the DCS data for these three
systems than is the MSV model, even when use of one additional param-
eter in the former potentials is statistically accounted for4 (see
A, .. /a column of Table II). Again as in previous work, the well
position parameters are largely model-independent (+0. 06 A for T
and +0.01 A for 0); however, ¢ values obtained by using the MSV poten-
tial model are consistentiy ~ 20% greater than for the M°SV or SPFD
Potentials. Despite the different mathematical parameterizations of
the latter two potentials, they both have the appropriate flexibility (see
also Sec. IT) to allow € to be determined with an accuracy of about
+10%;20 jndeed the M?SV and SPFD values of € for the He + CH,, NH,,

ahd H,0 systems are different by only ~ 29%.
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The quality of even the five-parameter fits to the He + CH,, NH,,
and H,0 experimental DCS's unfortunately is not quite as good as could
pe hoped for ("good" fits furnish Aa,q,/a < 2.2%). By comparing the
calculated DCS's to the experimental ones, as in Fig. 1, we see
however, that there is no evidence for quenching of the oscillations in
the experimental DCS relative to those calculated using central-field
potentials. If anything, the experimental DCS's have slightly greater
oscillatory amplitudes than do the calculated ones (cf. the first and
second minima of He + CH,, and the first and second maxima of He +
H,0). Inany case, all three systems yield € and Eos values that are

)
7,12, 31 10,19, .~

very close to those of other atomic and molecular
actions with He. Since there is thus no evidence for significant aniso-
tropic éontributions to the measured DCS's, we conclude10 that the
central-field analysis yields the spherically symmetric component of
the intermolecular potential, for the range of reduced distances probed
in these experiments (0.8 < p < 1.7).

The He + CH, interaction potential has previously been studied by
(@rbitrarily normalized) integral scattering cross section measure-
ments Q, as a function of the collision velocity v. 18 An 1.J12-6
analysis of these data yielded a value of ¢ - r, as a measure for the
"area" of the attractive well. As an indication of the consistency
between those Q(v) measurements and the present DCS results, we
display in Table III values of ¢ - r , for He+ CH, as determined from both
these experiments (within the LJ12-6 parameterization). The agree-

ment is seen to be quite satisfactory; we also present € - s values for

Our more accurate five-parameter potentials. In addition, we compare
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in Table III our fitted "effective' C, dispersion coefficients (Sec. III)

with those obtained theoretically. 25,26

The experimentally deter-
mined coefficients for He + CH,, NH,, and H,0O are seen to be ~ 70%
greater than for the corresponding calculated ones. Although this
discrepancy is rather large, it is not unexpected, and is caused
primarily by our neglect of higher-order contributions to the disper-
gion interaction (Sec. III).

Finally, we compare in Table III rande parameters obtained
from LJ12-6 analyses of the present DCS results, and those of another
laboratory. 15 All these experiments were performed at about the
same relative collision energy (60 + 4 meV), and for about the same
range of scattering angles (2° or 3° to ~18°). Data reduction using
the same potential form should allow a fairly direct comparison
between these results, although we caution that the LJ12-6 parameteri-
zation is too rigid to yield accurate intermolecular potentials for the
interactions being considered. We see that the He + H,0O results agree
well, but that the o (or rm) parameters for He + NH, differ substan-
tially. A similar discrepancy also exists for H, + NH, scattering,

19

where again the Waterloo results™ ” yielded a significantly smaller ¢

8c

(or rm) parameter than obtained in this laboratory. We have con-

ducted very extensive self-consistency checks of our measurements4’

19 We have also established

Comparable to those of the Waterloo group.
the compatibility of our in-plane and out-of-plane measurements for
the same out-of-plane scattering geometry as the Waterloo group.
Nevertheless, the experimental (H,, He) + NH, scattering data still

appear to be somewhat inconsistent. That the discrepancy appears
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only for scattering of NH,, but not for the He + H,0 or He + Ar
systems,4’ L indicates that the cause may lie in the secondary beam
composition. We have already eliminated the possibility of NH, beam
impurities, particularly with respect to dimerzation, by highly sensi-
tive mass spectrometric checks (Sec. II). To compare the quality of
the fit to the data, we may renormalize (see footnote d of Table II) the
gcattering intensity of the present DCS results (fit to the LJ12-6

19 We find a goodness-of-fit

potential) to those obtained previously.
statistic of x° =17.9 [Eq. (1)], even with four data points more than
the Waterloo experiment, which yielded a corresponding value of
x? = 38.3. The difficulty in the fit to the latter experiment is evident
for scattering angles beyond ~10°, where the experimental DCS is
systematically higher than the calculated one. 13 It is possible that the
above differences are caused more by the rigidity of the 1.J12-6
potential form than by inconsistencies between the data; more flexible
potential forms are needed to attain appropriate descriptions of DCS
scattering results20 from the two laboratories (such as the M°SV and
SPFD potentials used in this study).

In the above comparison between the present results and poten-
tials obtained previously, we have ignored bulk property data. This
is because the latter are usually sensitive only to interactions more
repulsive than those sensitively probed by the thermal scattering
€Xperiments. 4 Moreover, the effect of potential anisotropies on bulk
Properties has not yet been investigated to a sufficient extent. S0,

We now discuss systematic trends among the accurate five-

Parameter potentials extracted from the present He + CH,, NH,, and
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f,0 DCS data. The SPFD potentials for these systems are displa,yed
;n Fig. 3; the M°SV potentials are indistinguishable from the former
within experimental error and are not plotted. Two features are
clearly apparent from a comparison of these curves. Most evident
is that the repulsive walls for the three systems are displaced to
gsmaller intermolecular separations in the order CH, > NH, > H,0.
This trend is correlated with the H....H non-bonded distance, and
thus to the molecular size. We also notice that continuing in this
isoelectronic series, the He + Ne interaction has ¢ = 2.73 A, Al 0.28 A
less than for the He + H,O potential (Table II); accurate He + HF data

A Thus, it appears that although H atoms

are not yet available.
are ineffective in promoting anisotropies in the interaction of He with
CH,, NH,, and H,O, they do increase the apparent size of these mole-
cules. It may be that the lone-pair electrons of NH, and H,O contribute
to the apparent nearly spherically symmetric interactions of these
molecules with He, despite their rather asymmetric nuclear arrange-
ments.

The second trend displayed by the potentials of Fig. 3 is evident
in their long-range regions. We see that the strength of the attractive
potential for r $ 4 A falls in the sequence CH, =~ NH, > H,0. This is

25

also reflected by the calculated C, constants (see Table III). The

calculated long-range potential is dominated by induced dipole-induced
dipole, rather than by dipole-induced dipole, dispersion forces, The
former accounts for 90% of the He + NH, C, coefficient and 80% of the

32

He + H,0 one. The permanent dipole moments of NH, and H,O thus
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do not substantially affect their long-range interactions with He, as is

aqlso reflected by the experimental potentials of Fig. 3.
B. The He + SF, interaction
M/WVW\NV\’\M AN

We discuss this system separately from the He + CH,, NH,, and
H,0 ones primarily because of the much larger well depth for He + SF,,
as is evident from the potential parameters presented in Table II. We
note that this ¢ is more than twice that for most other molecular inter-

10,19 having the important consequence of reducing

actions with He,
the collision energy from ~30 € to ~13 €. (For a system with a well
depth of € =~ 2 meV, the latter value corresponds to a collision energy
of ~25 meV.) Consequently, we expect the He + SF, DCS to be more
sensitive to the long-range region of the intermolecular potential than
are those of the other systems considered here. Furthermore, the

He + SF; DCS should be rather insensitive to the repulsive wall, and so
the M’SV and SPFD potential forms should effectively have about the
same flexibility as does the MSV potential. This effect has been shown
to occur for low collision energy (~ 9¢) interactions in highly quantum

systems. a0

Indeed, the MSV potential parameters displayed in Table IT
show no bias towards a larger well depth than is obtained from the
M’SV and SPF¥D analyses, and no improvement in fitting quality is seen.
It may be more appropriate to introduce greater flexibility into the
long-range region (e.g., by using a dispersion term of higher order
than Cy). We also note that the He + SF, potential predictably has a

rather large range parameter roe The He + SF, potential extracted

from the present DCS results is displayed in Fig. 4.
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Among the systems investigated here, the He + SF, DCS gives
the best potential fit (Table II): there is again no evidence in that fit
for quenching of the rapid quantum oscillatory structure (Fig. 2).
we conclude that the present He + SF, data are insensitive to aniso-
tropic components of the potential, which probably only become evident
for repulsive interactions. The large e observed for this system may
pe due to interactions with the ¥ atoms. It would be interesting to
conducf a scattering study of He + CF, to elucidate the nature of such
interactions. It is also possible that the d-orbital of the S atom play a

role in governing the nature of the van der Waals atfractive interactions.

Note however, that the spherically symmetric H,(D,) + SF, van der
Waals interaction has about the same € as do the H,(D,) + NH, and

H, + CH, interactions. B

The He + SF; potential thus provides a clear
counter-example of previous empirical observations that it is primarily
the least polarizable partner that is responsible for the magnitude of
the van der Waals well depth. &
The effect of the large r  and € parameters on He + SF,
scattering is apparent from the fact that the DCS of Fig. 2 is signifi-
cantly different from those of Fig. 1. The residual rainbow at ~4° is
more evident than in the He + CH,, NH,, and H,O DCS's while the
amplitude of the rapid quantum oscillations is comparably diminished.
We also see a closer spacing of these oscillations, expected from their
reciprocal relationship to the reduced collision wavenumber, which in

turn is directly proportional to B
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v. SUMMARY AND CONCLUSIONS
M,WWVW\N\/WVWWWW\AWW\

Van der Waals potentials for the interactions of He atoms with
molecules of CH,, NH,, H,0, and SF; have been extracted from
differential cross sections (DCS), as measured by the crossed-beams
technique. For systems showing only weak anisotropies, a suitable
central-field analysis yields the spherically symmetric component of

19 The present DCS's show no evidence of

30

the interaction potential.
quenching, which has been predicted, ~~ and observed, 11 for molecular
scattering in highly quantum systems. Hence we conclude that the
central-field potentials extracted from the data are good representa-
tions for the spherically symmetric components of the He + CH,, NH,,
H,O, and SF interactions, and that anisotropic components are small
for the attractive, and even weakly repulsive, regions of their potentials.
We find a simple correlation between molecular size and the van
der Waals radii of the He + CH,, NH,, and H,O interactions, which fall
in the sequence CH, > NH, > H,0. This sequence may be extended to
the isoelectronic Hé + Ne interaction, 4l whose size is even less than
that of He + H,0. We find no substantial effect of the large dipole
moments of NH, and H,O upon the long-range attractive potential.
The He + SF, potential is found to violate the usual supposition31 that
only the least polarizable of the interacting atoms (or molecules) are

correlated with the van der Waals well depth.
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TABLE 1. Potential parameters obtained from DCS results, integral cross section measurements,and

calculated dispersion coefficients.

P T

e Method of
potential quantity He+CH, He+NH, He+H,0 He+SF; error determination Ref.
/ a
-1, /(mev. A) 9.0 = = = 0.6 Qv) 18
8.9 9.0 9.3 23 . DCs? this work
7.8 7.8 7.9 20 0.2 pcsP this work
c,/(ev- A" 7.9 6.6 4,8 - - calcutated® 25
8.9 = = - . calculated® 26
6.6 5.6 4.5 22 - calculated? d
cl/(ev - &% 13 12 8 35 2 pcs® this work
/A . 3.09 2,98 - 0.06 DCs? 19
3.40 3.28 3.02 3.75  0.03 pcs? this work
e/meV - 2.2 2.5 % 0.3 DCs? 19
2.3 2.5 2.7 5.6 5 pcs? this work

4Using the LJ12-6 potential.

bUsing the M°SV and SPFD potentials; the error reflects the discrepancies among the € - . products
for these potential forms.

CSpherically symmetric contributions to Cg.

dFrom the approximate formulae of Ref. 32 interms of static polarizabilities, ionization energies and

dipole moments.

eUsing the M°SV and SPFD potentials, and neglecting contributions of higher order than C, to the
dispersion interaction. The error reflects the £20% or poorer accuracy with which the

"attractive tail" portion of the potential (r S 54) is determinedzo for the He + CH,, NH,, H,O
systems. See Sec. IVB for a discussion of the corresponding error in C; for He + SF,.

f

For the LJ12-6 potential, o = 271/8 ¢ .
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FIGURE CAPTIONS

Figure 1. Laboratory differential cross sections 1(9)15 for out-of-
plane scattering of He by CH,, NH,, and H,O, proceeding downwards

py one decade for each system in this sequence. Points with error
bars are the experimental measurements of I(f) - sinf vs. the scattering
angle 6 at a relative collision energy of 63 meV. Solid curves are
DCS's calculated from the best-fit central field SPFD potentials, whose

parameters are given in Table II.

Figure 2, Laboratory differential cross sectionsl5 for out-of-plane
scattering of He by SF, at a relative collision energy of 64 meV.

Symbols are as in Fig. 1.

Figure 3.  Central-field intermolecular potentials of the SPFD shape,
corresponding to the He + CH,, NH,, and H,O DCS fits of Fig. 1, as a

function of the intermolecular distance, see Section III for a discussion
of the definition of this distance. Solid curve: He + CH,; dashed curve:

He + NH,; dotted curve: He + H,O. The error bars on the He + CH,
potential represent the accuracy with which it has been determined,
+10% of the potential energy at the attractive minimum, +0.04 A in the
position of the repulsive wall at ~ 7.5 meV. The potentials are plotted
over the approximate range of distances to which the experiments are

sensitive. 20

Figure 4. Central-field intermolecular potential of the SPFD shape,

Corresponding to the He + SF, fit of Fig. 2, as a function of the inter-
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molecular distance (see Section III for a discussion of the definition of
this distance). The error with which this potential has been determined
is discussed in Sec. IVB. The range of validity of this potential is

approximately 3.7 A (VZ 5 meV)to7 A.
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CHAPTER 5
An anisotropic intermolecular potential

for He-CO,



~246-

An anisotropic intermolecular potential for He—COza)
vaWVV\M/W\/\/VV\N\

Mark Keil, b) Gregory A. Parker, and Aron Kuppermann

Arthur Amos Noyes Laboratory of Chemical Physics, ¢

California Institute of Technology, Pasadena, California 91125

(Received )

Despite fundamental interest in anisotropic effects in molecular
scattering, detailed experimental investigations of such effects have

only recently been fruitful. 1-5

Semiclassical calculations have been
used to predict6 quenching of glory, supernumary, and rapid oscil-
lations7 in scattering cross sections. Although the semiclassical
prediction has been borne out for heavy-particle (e.g., Ar-NZ)8
differential cross section (DCS) scattering, this theory is inapplicable
for highly quantum systems (e.g., thermal scattering of He, H, or

D) ¢ Strong anisotropic effects in the DCS for such systems10 have
not yet been substantiated;H indeed, molecular scattering results are
most often interpreted by using the central-field approximation. 9,11-15
We report herein the first unambiguous experimental indication of the

effects of anisotropic potentials on the total DCS for atom-molecule

scattering in highly quantum systems. We find that even highly

a‘)This work was supported in part by a Contract (No. EY-76-S-03-767)

from the Department of Energy. Report Code: CALT-T767P4-170.
b)Work performed in partial fulfillment of the requirements for the

Ph.D. degree in Chemistry at the California Institute of Technology.
®)Contribution No. 5761.
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16-18 5 ..o unable to fit such DCS data

flexible central-field potentials
for He-CO,. Conversely, a physically reasonable anisotropic poten-
tial model with the same number of adjustable parameters, in con-
junction with the infinite-order sudden approximation (IOSA), 12 yields
a high quality fit to the DCS.

Recently, it has become possible to calculate DCS curves for atom-
molecule anisotropic potentials, without having to perform elaborate

i The particularly

(and expensive) close-coupling calculations.
successful IOSA should be accurate when the collision energy is sub-
stantially greater than the rotational spacings of the molecular

partner. L3. 2

This condition is amply satisfied in the present case,
with a collision energy of 64 meV and a rotational spacing for the
most probable level (j = 16) of 1.5 meV.

Our model for the He-CQ, anisotropic potential V(r,y) is given by

an elliptical modification to central-field types of potentials:zz

N
Vr,y) =e@) - tlp, ] ; 1) = et
(r,v) = @) - tp(r,»)] POY) = =0
)
l-rrqsinzy =
T = ¥ o ——————— ] €(Y) =€, + €, P,(COSY) .
m(y) mL 1+rq 3 () IV} 2 2( 7’)
o7

In this expression r is the length of the position vector r of the He atom
with respect to the molecular center-of-mass and y is the angle between
r and the molecular axis. For an arbitrary y, rm(y) is the value of r

for the potential minimum and -€(y) is the corresponding potential energy.
Any central-field reduced potential energy function f(p) may be used,
Since Eq. (1) introduces anisotropy into the potential through the

elliptically shaped F o (¥) and the Legendre polynomial representation
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23

for €(¥). We use the MSV potential form~* for f(p); its Morse function

is joined smoothly to the known anisotropic dispersion series for

24 ).16

He-CO,”" " atr =1.6 o (¥ The fitted parameters are the Morse

shape parameter 3, the anisotropy parameters r_ and ¢,, as well as

q

rml and €,. Simultaneous adjustment of up to five such statistically
independent parameters to room-temperature DCS measurements has
peen shown to be appropriate for highly quantum systems. 16
The present experiments are most sensitive to the attractive well
region of the potential, and som ewhat sensitive to adjacent reg:ions.]‘6
The experimental measurements were made using a crossed molecular

9,25 No scattered beam

beams apparatus, described elsewhere.
velocity analysis was performed in our measurements.

In Fig. 1 we display the measured He-CQ, DCS data, and DCS
curves calculated (including appropriate velocity and angular averaging)
from the least-squares fitted anisotropic and central-field potentials,
as well as from the spherical average of the former potential.
It is clear that the anisotropic model of Eq. (1) is much more realistic
than the highly flexible central-field Simons-Parr-Finlan Dunham

(SPFD) potential, 15718

for which we also adjusted five parameters.
Both spherically symmetric potentials produce pronounced oscillatory
structure, whereas for both the experimental and IOSA DCS's this
structure is appreciably attenuated. We find that, for the highly
anisotropic He-CQO, system, the central-field SPFD potential does not
yvield the spherical average of the anisotropic potential. f, 1118
The empirical anisotropic potential energy surface obtained from

these fits is shown in Fig. 2 over its approximate range of validity.16
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1t may be possible to extend this potential tothe highly repulsive wall
region by combining measurements of gas-phase transport proper-
t16815 with electron-gas callculations.26 Such an extended potential
should be useful for the calculation of rotationally inelastic cross
sections.

We thank Ambassador College for generous use of their computing

facilities.
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FIGURE CAPTIONS
WWW

Fig. 1. Laboratory differential cross sections I(9) for out-of-plane
gcattering of He by CO, at a relative collision energy of 64 meV.

Points with error bars are experimental measurements of 1(0) - sin6
vs. the scattering angle 6; curves are D(CS's calculated using potentials
extiracted from the data. Solid line: anisotropic MSV potential of

Eq. (1); dashed line: central-field SPFD potential 617 (r, =3.58 &,
€ = 4.51 meV); dotted line: spherical average of the anisotropic MSV

potential (r =3.93 &, € =2.98 meV).

Fig. 2. He-CO, empirical potential energy surface, calculated from
the anisotropic MSV potential of Eq. (1), with best-fit parameters of

r, =3.314, ¢, =2.98 meV, ¢, = -1.91 meV, r, =-0.52, and g = 4.59.
1

Potential energy contours (in meV) are displayed for V(r,¥) < 10 meV;
the polar coordinates of points in this diagram are r (in A) and y.

Solid lines: V(r,y) > 0; dashed line: V(r,y) = 0; dotted lines: V(r,y) < 0.
The absolute minimum on the potential surface is -3.93 meV and
occurs at ¥ = /2; r = 3.31 A. Saddle points occur for the collinear
configurations v = 0, 7; r =4.77 R, where the potential energy is

-1.07 meV. The minimum and saddle point positions are denoted by
crosses. The position of the C and O atoms are also shown for
reference. The slight uneveness of some of the contours is caused

by the crudeness of the potential model [Eq. (1)].
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Figure 2
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APPENDIX A
An accurate determination of the He-Ar

van der Waals potential
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ABSTRACT

A new van der Waals potential for He-Ar is constructed from a
systematic analysis of differential cross section scattering data. The
significant discrepancies between this potential and those based on
similar experiments in other laboratories are shown to be due prima-
rily to biases present in the mathematical parameterizations used
previously. The new potential is valid for interatomic separations
between 2.4 A and 6. 5A, and provides an excellent description of all
available He-Ar data, including transport and virial coefficients.
This potential, which has a well depth of 1.78 meV, is parameterization-

independent and accurate to 10%.
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I. Introduction
MN\/W\/V\/V\NV\

Despite considerable attention devoted to determining hetero-
nuclear interatomic potentials for rare gas pairs, they have hereto-
fore resisted definitive characterization. This is especially true of
He-containing pairs, whose shallow well depths and highly quantum
nature limit the usefulness of many of the techniques often used for
studies of the important van der Waals attractive minimum. For
example, only the repulsive part of the potential may accurately be
determined from bulk properties [1-3]. On the other hand, even
spectroscopic measurements, which are as yet providing accurate data
only for the minima of the heavier rare gas pairs, would provide only a
constraint on weakly-bound interatomic potentials, since several vibra-
tional levels are required for an accurate determination of the well
depth [4,5]. On the theoretical front, accurate ab initic results have
been obtained for He, [6], but such calculations for asymmetric He
pairs are still very difficult. Conversely, electron gas models have
been applied successfully to heavy rare-gas pairs, but He- (and to a
lesser extent Ne-) containing systems have often been regarded as
anomalous from the point of view of these statistical theories [7].

As a consequence of the above experimental and theoretical
difficulties, thermal scattering experiments have provided the most
detailed knowledge yet available for the attractive well region of the
He - rare gas pairs. Integral cross section measurements have been
employed for accurately deducing the He, interaction, and differ-
ential cross section (DCS) measurements have been used for the

determination of all the He - rare gas interatomic potentials [9-11].
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These DCS measurements, however, have yielded significantly different
values from one another for the well depths € of the van der Waals
attractive minima (especially for He-Ar). These discrepancies of 10%
to 25% appear despite the equivalence of the data from different labora-
tories [10] and the experimental sensitivity to € of about +10% [12].

Recent computer simulation results have shown that this apprent
discrepancy may be caused by the use of insufficiently flexible mathe-
matical parameterizations for the interatomic potential, or by insuffi-
ciently accurate long-range behavior. These shortcomings introduce
significant biases into the potentials previously extracted from thermal-
energy DCS data [12]. Such systematic biases are not exposed exclu-
sively by comparison with the DCS data. Instead, we must first deter-
mine the appropriateness of the various potential forms proposed, using
an 'independent method for assessing this bias.

In Sec. II we describe briefly the experimental arrangement used
for acquisition of the He-Ar DCS data presented in this study. In Sec.
ITI, we discuss an extensive series of computer simulation calculations
which were used to analyze the systematic biases introduced into poten-
tials extracted from DCS data by various commonly assumed represent-
ations for the potential energy curve. In Sec. IV the equivalence of the
present data with those of earlier DCS measurements in other labora-
tories is analyzed. Two potential forms, shown on the basis of the
Simulation calculations to be substantially free of systematic bias, are
used to generate He-Ar potentials from our DCS measurements. These
potentials are accurate in the attractive minimum region to within + 10%,

and are compared with those obtained in the earlier analysis of DCS
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scattering data [9,10]. In Sec. V, the suitability of our potentials for
describing other properties of the He-Ar system is discussed; these

properties are then used to extend the range of distances for which the
He-Ar potential is accurately known [2,12]. Finally, we present our

conclusions in Sec. VI.
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II. Experimental
/WVWV\NW\/'\/\/\/\/\

The crossed molecular beam apparatus used in this study is an
improved version over earlier ones, which have been described else-
where [14]. Briefly, a modulated He primary beam is formed in a
supersonic nozzle expansion, and is then angularly well collimated in
two stages of differential pumping. The Ar beam emerges from a
glass capillary array directly into the scattering chamber, and is
intense but only slightly supersonic. Background signal subtraction at
each scattering angle is performed by remotely uncrossing the beams
and remeasuring the modulated signal.

The detector is a doubly-differentially pumped quadrupole mass
spectrometer with an electron-bombardment ion source, and has two
angular degrees of freedom. Inthe present experiments this detector
was moved either in the plane of the beams, or in a plane perpendicular
to it and containing the primary beam. This is done to reduce the
possibility of systematic errors in the apparatus relating to detector
alignment, angular position measurements, etc. Ion detection after
mass filtering utilizes a continuous-dynode electron multiplier, and
digital up~-down counting techniques, with the gates being synchronized
to the primary beam mechanical modulator.

Operating conditions most significant in the present study are a
relative collision energy of 64 meV, with a full width at half maximum
(FWHM) velocity resolution of 11%. The overall apparatus angular
resolution is ~2° FWHM. Scattering intensities at angles between 2°
and 20° are measured, with signal-to-noise ratios of between about 50
and 5, respectively. Experimental details of the present version of the

apparatus will be published elsewhere [15].
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11I. Computer Simulations

The computer simulations described here are extensions of
Bickes and Bernstein's earlier studies [16]. The simulation involves
assuming arbitrary but realistic potentials (with parameters typical
for He - rare gas interactions) to generate DCS's,to which instrumental
averagings and data scatter are added to yield "experimental' data.
These are then used in a regression analysis, together with potential
forms different from those assumed in generating the simulated data,
to obtain ""experimental' potentials. Comparing these to the "correct”
assumed potentials, we determine the accuracy of the
different ""experimental' potentials as well as the sensitivity of the
DCS to the potential. These simulation calculations provide a more
objective evaluation of the accuracy of different potentials than do
goodness-of-fit (to experimental DCS's) statistical criteria, because
of their ability to detect any systematic bias inherent in the assumed
potential models.

Although the collision energy used here is 64 meV, which is much
greater than well depths typical of He-containing systems (~ 2 meV),
the simulations also show that the DCS's are sensitive to changes in
the van der Waals "attractive well" region (3.1 A < r 2 5,0 A) of ~10%.
On the other hand, sensitivity to the weakly ""repulsive wall" region
(2.8 A Cr<3.1A4) is limited to ~ 30%; the DCS's are rather insensi-
tive to changes in the potential above ~ 8 meV. Sensitivity to the
"attractive tail" region (5.0 A< r 26.5 &) is ~ 20%. Therefore, under
conditions equivalent to those considered here, the DCS measurements

permit a determination of the potential energy curve between 2. 8 A



-263=

and 6.5 A [12]. The corresponding classical range of sensitivity is
2.9A to4.84A,
We have made fits to the simulated DCS's using a Buckingham-

Corner (BC) potential form [17], given by

: -[4 oy
V(r) = AePT _ g [ (rm/r ’l

=8

(C.r +C8r'8) for r <r_,

br

V(r) = Ae™™ - (Cer %+ C,r7°%) for g

where . is the radius of the attractive minimum. These fits showed
that a high statistical parameter correlation exists between the long-
range attractive and short-range repulsive regions of the potential,
precluding an accurate description for these two regions independently
of one ancother, within the framework of the BC parameterization.
We did indeed find that this potential is unable to accurately reproduce
the potentials assumed for the simulations. Generalized forms of the
BC potential have been proposed recently as convenient means of
combining short-range Hartree-Fock calculations for repulsive inter-
actions with long-range dispersion calculations for attractive inter-
actions [18,19]. One of these, termed the HFD potential, has been
used in an analysis of He-Ar DCS measurements [10]. Many of its
parameters were obtained from the Hartree-Fock and dispersion
calculations; we will therefore refer to the resulting potential, which
has even less flexibility than does the BC parameterization, as ''con-
strained".

More flexible parameterizations than that of the BC potential

include the ESMSV one [20], The simulation calculations showed that
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it provides a better representation of the interatomic potential, but
yields a slight overestimation of the well depth. This overestimation
of € by the MSV potential for room temperature beam conditions
(collision energy of 64 meV) is caused by requiring its single Morse
parameter to simultaneously describe the van der Waals attractive and
weakly repulsive regiong of the potential. Interference between
scattering off these two regions is primarily responsible for the rapid
diffraction oscillations in highly quantum systems.

To overcome the limitation mentioned a‘bove, we also analyzed
the suitability of a modified version of the MSV potential, which has a
second Morse function joined smoothly at o, the zero of the potential.
This M°SV potential uses the additional parameter g’ for describing
repulsive interactions [21]. Finally, our simulation analysis included

the Simons- Parr-Finlan Dunham (SPFD) potential [22,23], given as

N

V(r) = eb, A2 {1 + E bi;\i) -¢, for A =1 - (rm/r).
i=l

Using N = 3, we fix b, and b, by smoothly joining the resulting "third-
order' SPFD potential to the theoretical multipole expansion at
r=1'6r_ [24]. The four-parameter M'SV and SPFD potentials
recovered from the simulation calculations are indistinguishable
(Within error limits) from each other and from the ''correct' assumed
potential, demonstrating their convergence to it under realistic con-
ditions. The ability of these M°SV and third-order SPFD potentials
to reproduce both the simulated "experimental” data and the assumed
"correct'" potentials strongly indicates their lack of bias in extracting

interatomic potentials from the present DCS scattering data.
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Furthei'more, since their mathematical parameterizations are
significantly different, the potential energy curves obtained are model-
independent, and hence accurate, to within the sensitivity limits

established by the simulations as given earlier in this section.
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The DCS scattering data measured in this study were analyzed
using the MSV, M’SV and third-order SPFD parameterizations [20-23].
Although the collision energy used in the present experiments (64 meV)
is appreciably different from that of two other laboratories (~ 20 meV)
[9, 10], the range of interatomic distances that are sampled at these
different collision energies overlaps in the attractive well region.
However, the lower energy results are more sensitive to the attractive
tail regi(;n, thereby requiring accurate values for the dispersion coeffi-
cients (or fitted values if accurate ones are unavailable), as well as an
appropriate choice of an interatomic distance beyond which the multipole
expansion' is valid. Inaccurate long-range behavior may introduce a bias
in the resulting attractive minimum region. Conversely, the higher
energy results allow a better determination of the weakly repulsive wall
of the potential., For either of these collision energies, the potential
form used should have sufficient flexibility to accurately represent the
attractive minimum region.

In order to determine the consistency of the experimental measure-
ments of the three laboratories, we compare the potentials obtained from

them, using the same mathematical form [25]. Otherwise, if different

forms were used, this comparison could be masked by the different
associated biases. Consequently, in Fig. 1 we compare our MSV poten-
tial with the (ES)MSV potentials [20] obtained in other laboratories [9-
11], even though this form is insufficiently flexible for obtaining accurate

potentials from our 64 meV data. It can be seen that the potentials

obtained are identical, to within the experimental error, throughout the
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range of interatomic distances to which the data are sensitive. This
demonstrates the consistency, and hence the reliability, of the present
and previous DCS measurements,

In Fig. 2 we display the potential energy curves obtained, for
V(r) < 8 meV, from the same DCS measurements as those used to
obtain the (ES)MSV curves of Fig. 1, but using the parameterizations
preferred in the three different laboratories [9,10,15]. These poten-
tials are quite similar in the weakly repulsive region (r < 3.1 }0&), and
also in the attractive tail region (r $5 A). However, we note sizeable
discrepancies from the present M?SV and SPFD potentials in the
attractive well region. The three well depths € are 1.78 meV (present
results), 2.09 meV (ESMSV of ref.[9]) and 2.60 meV (constrained HFD
of ref.[10]). The differences among these values are significantly
beyond the uncertainty with which € may be obtained from our room
temperature DCS measurements using unbiased mathematical forms,
shown by the computer simulation calculations (Sec. III) to be about
+ 0.18 meV. Since the M°SV and third-order SPFD potentials are
unbiased, also as shown by the simulation calculations, we must
attribute the observed discrepancies in € to biases in the ESMSV and
constrained HFD potentials.

Accurate theoretical values for the dispersion coefficients have
recently become available [ 24], and differ appreciably from those used
by Chen et al. [9]. In addition, the distance at which the multipole
expansion was introduced (r = 5.0 A) [9] may be too small [15]., Since
the low collision energy experiment (at ~ 20 meV) is particularly sensi-

tive to long-range interactions, the above shortcomings may be
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responsible for the (relatively small) differences between the attractive
regions of the ESMSV and M?SV curves of Fig. 2.

The differences between the constrained HFD and M°SV curves of
Fig. 2 are more pronounced. The flexibility of the M°SV and SPFD
forms would permit them, however, to retrieve from the DCS experi-
ments the constrained HFD potential, if the latter provided an accurate
representation of the He-Ar potential (in spite of the constrained HFD
potential's lack of flexibility; see Sec.HI). In such an event, the SPFD,
MZSV, and constrained HFD potentials of Fig. 2 would agree within
experimental error. Since this is not the case, we must conclude that
the HFD model [18] does not provide an accurate representation of the
He-Ar van der Waals potential for intermediate interatomic separations.
Its deviation from the M’SV or SPFD potentials is a measure of its

inaccuracy [10].
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Up to this point, we have relied solely on DCS scattering daf;a
to obtain the He-Ar interaction potential. Other properties are also
sensitive to this potential, and can therefore be used for its charac-
terization. Integral cross section measurements at thermal energies
have been shown to be consistent with the ESMSV potential [26], and
are reproduced well by the present M’SV and SPFD potentials [15].
Spectroscopic measurements of the zero-point dissociation energy D,
of He-Ar are not yet available [4], but predictions based on the M°SV
and SPFD potentials give D, = (0. 72+0.04) meV. A similar prediction
is derived from the ESMSV potential [9], but the constrained HFD
potential [10] yields D, = 0.83 meV. Spectroscopic measurements of
D, may therefore provide another means of distinguishing between
some of these potentials, at least in their respective attractive regions.

Gas phase bulk properties are related to the interaction potential
less directly than are scattering or spectroscopic quantities. For
heteronuclear He - rare gas pair interactions, the bulk properties are
sensitive primarily to the repulsive wall regions of the potential [1-3].
Thus, transport properties have been used to accurately determine
the He-Ar potential between approximately 2.4 and 2.6 A [2]. Since
this range of distances is beyond that to which the DCS data are
sensitive, the potentials determined by the respective studies are
complementary. Joining them at about 2.7 A yields the curves of
Fig. 2. We thus obtain extended MZSV and SPFD potentials over the

range of interatomic separations from 2.4 A to 6.5 A. These extended
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potentials describe the DCS measurements as well as do the original
ones, and simultaneously describe the bulk property data very well.
This is true even of virial coefficient data [27], even though they were
not used at all in obtaining the extended potentials.

Finally, we may consider the results of high-velocity integral
cross section measurements [13]. These are shown in Fig. 2 for
1.4AZr 2 1.8 fx; the gap between 1.8 A and 2.4 A remains because
of the inconsistency among independent measurements of this region
[28]. 1If, in Fig. 2, a smooth interpolation between the high-velocity
scattering results and the dilute gas and DCS results given by the
extended M SV potential is appropriate, the resulting potential energy
curve would provide a good characterization for the He-Ar interaction
for all distances r ; 1.4 A. This potelntial describes all the available
data for the He-Ar system, and is essentially model-independent

throughout its range of validity.
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vI. Conclusion and Summar

The appropriateness of different mathematical parameterizations
for the accurate analysis of thermal energy DCS data has been discussed
on the basis of detailed computer simulation calculations [12]. These
simulations showed that many of the parameterizations heretofore
used introduce significant biases into the potential energy curves
extracted from DCS measurements; such biases are not exposed ex-
clusively by comparison with the DCS data. We have used two forms
shown to be substantially free of bias in our analysis of new measure-
ments of He-Ar DCS scattering data. Despite the demonstrated con-
sistency of these measurements with those of two other laboratories
[9,10], the potential models used for iteratively inverting the results of
these earlier experiments yielded attractive minima 17% or 45% deeper
than the present ones. The latter have values of ¢ = (3.08 + 0.03)A and
e = (1.78 +0.18) meV, unbiased because appropriately flexible param-
eterizations were employed in the present analysis. By using trans-
port and virial coefficient data, these potentials were extended
to the highly repulsive region, to which the DCS data are insensitive.
The resulting potentials provide an excellent description of all the
available data for the important heteronuclear rare gas pair He-Ar,

A fuller account of this work will be given in forthcoming publications
[12,15].
We thank Ambassador College for generous use of their

computing facilities.
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Fmure Lapiags

Figure 1. He-Ar interatomic potentials of the MSV shape as a func-
tion of interatomic separation. The inset magnifies the vertical scale
of the potential energy minimum region by a factor of 2.5. Solid curve:
this work; dashed curve: ref. 9; dotted curve: ref. 10. The vertical
error bar in the inset indicates the estimated precision of +10% in the
potential energy at the van der Waals minimum, while the horizontal
error bar at 8 meV on the repulsive wall indicates the distance equi-
valent to the +30% uncertainty of the potential there. The arrows on
the abscissa at interatomic distances of 2.8 A and 6.5 A delineate the

approximate range of sensitivity of the experiments to the DCS [12].

Figure 2. He-Ar potentials, plotted semilogarithmically for energies
above 1 meV, and linearly below 1 meV. Solid curve in the upper left
is obtained from the high-velocity integral cross section measurements
of ref. 13. Other.curves are constructed from an amalgam of DCS and
gas-phase transport property measurements. Solid curve: modified
M?SV potential of this work (the modified SPFD potential is very
similar and is not plotted); dashed curve: ESMSV potential of ref. 9;
dotted curve: HFD potential of ref. 10. The horizontal error at
r=2.6A is £+0.01 A and is about the same as the horizontal displace-
ments amon’g the three potentials there [2]; at the attractive minimum,

the error bar of +10% represents the accuracy of the M?SV potential

[12].
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APPENDIX B
Anisotrbpic intermolecular potentials

for He-(CO,, N,0, C,N,)
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Scattering of thermal He beams by crossed atomic and molecular beams.

V. Anisotropic intermolecular potentials for He + CO,, N,O, C.N,"

Gregory A. Parker, Mark Keil, and Aron Kuppermann

Arthur Amos Noyes Laboratory of Chemical Physics ,b)

California Institute of Technology, Pasadena, California 91125

(Received )
Abstract

Experimentally measured differential cross sections are presented
for the interactions of He with the linear molecules CO,, N,O, and
C,N,. These data, which are most sensitive to the van der Waals
attractive minimum region, show pronounced dampening of the
diffraction oscillations. This is an indication that the intermolec-
ular potentials have large anisotropies. Indeed, central-field
analysis of the experimental data, even in terms of very flexible
models, is shown to be inadequate. However, an infinite-order
sudden approximation analysis yields physically reasonable aniso-
tropic intermolecular potentials, and provides excellent fits to the
scattering data. The spherical averages of the empirical aniso-
tropic potentials are quite different from the spherically symmetric
potentials obtained by the central-field analysis of the experimental
data. For He + CO,, the anisotropic potential is extended to highly
repulsive interactions, to which the present data are insensitive,
by combining theoretical calculations and measurements of gas-

phase bulk properties.

a’)This work was supported in part by a Contract (EY-76-S-03- )

from the Department of Energy. Report Code: CALT-T767P4-
)Contribution No.
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I._INTRODUCTION

Molecular scattering data have been very useful in the determina-

tion of intermolecular potentials, particularly if the species are

1-5

spherically symmetric, or nearly so. However, using central-field

potentials to analyze experimental data for systems with large aniso-

7,9

tropies is inappropriate. B Semiclassical8 and quantal *’ ¥ theories

have been used to predict quenching of the glory, supernumary, rain-
bow, and rapid quantal oscillatory structurelo in molecular scattering

cross sections; these effects have also been observed experimen-

4,6,11,12

tally. Despite fundamental interest in molecular aniso-

tropies, detailed experimental investigations have only recently been
successful in investigations of interaction asphericities. L=l
With the recent success of rotational decoupling approxima-

Fa=d1 it is now possible to routinely determine a wide variety

4,22-24

tions,
of phenomenological cross sections, without having to perform
elaborate close-coupling calculations. 25 In particular, the infinite-
order sudden approximation (IOSA), which totally decouples the rota-
tional from the vibrational degrees of freedom, gives rise to simpli-
fied expressions for these phenomenological cross

sections. 1’ 18,22,23,26-28

This approximation is valid when the
relative incident energy is substantially greater thé.n the rotational
energy ‘level spacing, and when the cross sections are dominated by
relatively small values of the orbital angular momentum.

In the present paper, we analyze experimental measurements of

the differential cross sections (DCS) for the highly quantum and aniso-
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tropic systems He + CO,, N,0, and C,N,, obtained using room
temperature crossed molecular beams. In Sec. II, we show how the
IOSA can be used, with existing central-field data reduction pro-
grams, Sb to determine anisotropic intermolecular potentials. In Sec.
III, we present our experimental results, and the procedures used in
the data reduction. Both central-field and anisotropic potential forms
used for the data analyses are given in Sec. IV. In Sec. V, we present
empirical anisotropic intermolecular potentials, and discuss the

inappropriateness of the central-field analysis for the systems con-

sidered in this study. Finally, we summarize our results in Sec. VI.
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1. THEORY

A detailed description of the infinite-order sudden approximation

(IOSA) has been given elsewhere, 7

and we will only briefly discuss the
theory to show how it can be used to obtain anisotropic intermolecular
potentials, Using the coordinates shown in Fig. 1, the Hamiltonian
for an S-state atom interacting with a 2 -state rigid rotor is

B £:

~ a4 1
oy @ I Yt v(r,), (1)

H=-

where pu and X are the reduced mass and orbital angular momentum
respectively, of the atom relative to the molecule. Since the mole-

cular angular momentum is 7, .
J = F o+ ft @)

is the total angular momentum operator. The moment of inertia of the

rigid rotor is I and V(r,v) is the interaction potential. In the IOSA,

one makes both the centrifugal suddenl s 19

L~ %00+ 1) | 3)

and energy Sudden29

£ o 521+ 1) (@)

replacements of the angular momentum operators. For a rigid rotor,

this results in the uncoupled set of ordinary differential equations
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d 1 2
[+ - 0 - 28 v 0l em - o, ®)

to be solved for the radial wavefunctions g JQ(r;y), subject to the usual

scattering boundary conditions
g,(0;7) = 0 (6)

and

L -ikr-a/2)  i(kr-fn/2+2in,(7)
g5 =D k" [e T e ' !

r — ©

1, (7)

where g g('y) is the phase shift for a fixed orientation angle y. Although

this procedure appears tantamount to assuming that the angle 5 remains
fixed during the collision, the IOSA has been derived elsewhere in less

pU=es the IOSA formulation need assume only that the

offensive terms:
rotational energy level spacing, and differences in the centrifugal
potentials for adjacent orbital angular momentum channels, are small.

The wavenumber
2 s
o %21_ [E - H_%Jﬁ_ll] (8)
1

is a measure of the incident relative kinetic energy.

7,33

As shown elsewhere, the "total' (elastic plus inelastic) DCS

is simply the weighted orientation average

m
o) =% [ 1(r,0) sinydy (9)
0

of the central-field DCS's
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o(v,0) = Zi-;z— {122 @22+1) Sin[Znﬁ(y)] PQ(COSG)]Z
0=0
¥ [gEo (20 +1) (cos[2n,()] - 1) P, (cose)]’} . (10)

In deriving this simplified expression, it was necessary to neglect the
velocity changes of rotationally inelastic collisions, which is consistent

with the IOSA. Pack and Preston®>

have shown that with this assump-
tion, the center-of-mass to laboratory coordinate transformation is
identical to that for central-field elastic scattering. We could thus
adapt the central-field data reduction procedure (Sec. III), with only
the relatively minor modifications needed to include anisotropic effects
[Eq. (9)], to perform the appropriate incident velocity and beam angle

averaging, for direct comparisons with the experimental DCS's

presented below.
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OL._EXPERIMENTAL AND DATA REDUCTION

The crossed molecular beam apparatus has been described
previously, 3 so that only a brief outline of its major features is given
here. A modulated He beam is formed in a supersonic expansion, and
is angularly well collimated in two stages of differential pumping.
Secondary beams of the various gases studied emerge directly into the
scattering chamber through a glass capillary array. The secondary beam
source may be tilted upwards, thus uncrossing the beams, for measure-
ments of background scattering intensity. Beam operating character-
istics are summarized in Table I. Due to the slightly supersonic
nature of the secondary beam, its internal temperature (particularly
the rotational temperature) may not be the ambient one (298 K). We
note that its velocity distribution is best characterized by a Mach
number of 1.5 (Table I) and an "effective' specific heat ratio of 1. 64,
the latter indicating cooling of only the transverse translational

degrees of freedom. 35

Because the secondary beam particles are
much heavier than those of the primary for all the scattering experi-
ments considered in this study, the rather wide velocity distribution
of the secondary beam does not contribute significantly to the distribu-
tion of relative collision velocities; the overall apparatus velocity
resolution is about the same as that of the highly supersonic He beam.

As in earlier work, a quadrupole mass spectrometer is used to
detect out-of-plane scattering of He atoms as a function of the

scattering angle (with the in-plane scattering angle fixed at 0°). Ion

detection and signal processing utilizes a Spiraltron continuous dynode
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electron multiplier. Its pulses are sufficiently fast (< 1 pSec.) to
allow use of digital counting techniques; the gates of an up-down
counter are synchronized with the primary beam chopper.

Differential pumping in the mass spectrometer is provided by a
small (5 ¢/sec) ion pump in the detector entrance buffer chamber,
followed by a larger (25 ¢/sec) ion pump in the ionizer region. During
experiments, we also use a liquid helium cryopump (400 ¢/sec), which

3b The pressure in the ion

provides effective pumping, even for He!
source region was ~1x 107° torr during the course of these experi-
ments.

Rapid cryopumping of the CO, and C,N, beams on liquid-nitrogen
cooled surfaces kept the scattering chamber pressure at ~3x 1077
torr, while use of the less condensable N,O beam raised this pressure
to ~1x 107° torr. These pressures, coupled with a primary beam
attenuation due to scattering by the secondary beam of only ~ 5%,
easily ensure that the single-collision conditions essential for DCS
measurements prevail. Periodic mass spectrometric checks of the
secondary beams revealed their high purity for all the scattering
experiments, with no discernible dimerization.

Scattered primary beam signals were measured between ~1,7°
and ~ 20° above the plane of the beams, at a relative collision energy
of ~ 64 meV (the exact values depend on the identity of the secondary
beam gas). Measurements were also made for out-of-plane scattering
below the plane of the beams, in order to locate accurately the zero

position of the angular scattering scale (to within ~ 0. 03°). 3b Long-
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term drifts in beam intensities and detection efficiency were compen-
sated for by periodic measurements of the scattered signal at a
reference angle near 5°. The experimental DCS's are shown in Fig. 2

for He + CO,, He + N,O and He + CZNZ.36

Data points represent the
average of three or four independent angular scans performed in
several days' experimentation for each scattering pair. Total counting
times at each angle ranged from ~ 3 min near 2°, to ~30 min at 20°.
Signal-to-noise ratios over the same angular range were between

about 50 and 5, respectively.

The data reduction procedure used to obtain the fits shown in

3b 37

Fig. 2 has also been described previously. We use Marquardt's
weighted least-squares prescription to fit the parameters of mathe-
matical functions chosen to represent the intermolecular potential, as
discussed in Sec. IV. DCS's in the center-of-mass coordinate frame
are calculated from partial wave phase shifts of high accuracy, and
are then averaged extensively over both beams' angular and velocity
spreads in the transformations to the out-of-plane laboratory coordi-
nate frame. The overall apparatus velocity resolution is ~11% FWHM
for the systems included in this study. Averaging also is used to
account for the overall apparatus angular resolution, _of 1.9° FWHM.
The fitting quality for the calculated DCS's (relative to the
experimental ones) are expressed as x> or as Aao,%/a statistical

indices. 3b

The former is the sum of weighted residuals squared,
which is the quantity minimized by the weighted least-squares fits.

The latter gives the 95% confidence 1eve138 for the scaling factor «a



-288-

necessary to bring the calculajed (absolute) cross sections into vertical
register with the experimental (arbitrarily normalized) intensities. <8
The Aa,.,;/a goodness-of-fit index is statistically adjusted both for the
number of data points, 'and for the number of parameters adjusted in
the fits. Furthermore, it is independent of the arbitrary normalization
used in the experiments, and is a more useful index than x? for com-

paring fitting quality between different experiments or potential fits. Sb
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IV. DATA ANALYSIS AND INTERMOLECULAR POTENTIALS

The experimental DCS's obtained as described in Sec. III and
displayed in Fig. 2, were fitted by weighted least-squares optimization
of the parameters of the various intermolecular potentials described

below. These included both central-field and anisotropic models.
b

,A. Central-field potential models

The van der Waals interactions for the atom-molecule systems
considered in this study are anisotropic. As such, central-field

potentials, represented generically by

Vi) = e f(p), p=——, (11)
m

where r - is the radius of the attractive minimum and ¢ is its depth,
provide at best an approximate description of these interactions.4
Central-field analyses were performed herein to test the validity of
the approximation of Eq. (11). For a thermal rigid rotor at 300 K,
representative of the secondary beams used in the present studies
(Sec. III), a typical rotation frequency is ~ 3 X 10" Hz. Since the
collision interaction time (to traverse ~10 A) is ~6 x 107!% sec, the
molecule rotates too slowly to establish an '"effective' isotropic
potential. -

The central-field potential energy forms used in this study are
the highly flexible double-Morse-spline-van der Waals (MZSV)39 and

40, 41

third-order Simons-Parr-Finlan Dunham (SPFD) parameteri-

zations. Both of these have three adjustable shape parameters, as
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well as the well position and depth parameters s and €, respectively
[Eq. (11)]. Other parameters govern the strength of the multipole
expansion for the long-range attraction (c; for both the M’SV and SPFD
forms), and the attractive well and weakly repulsive wall regions

(8 andsB’ of the M°SV potential; by and b, of the SPFD one). It has been
shown42 that both these parameterizations successfully decouple the
attractive minimum from the adjacent regions of the intermolecular
potential, and that all five of their parameters may be determined by
fitting them to room-temperature DCS data from highly quantum iso-
tropic interactions. The five-parameter M’SV and SPFD potential
forms are highly flexible, without inducing unduly large statistical
parameter correlations. They are able to accurately describe
(spherically symmetric) weak van der Waals potentials within the
range of intermolecular distances sampled by DCS data of the present

3,42 We also used

type (reduced distances p between ~ 0.8 and ~1. 8).
the four-parameter Morse-spline-van der Waals (MSV)‘_13 potential
form to fit just the low-angle (9 < 6°) portion of the DCS's presented
here (see Sec. V). The MSV form is quite similar to the M°SV one,
but has only a single Morse B parameter to describe the shape of both

the attractive well and weakly repulsive wall regions of the potential.

B. Anisotropic potential models

For a more appropriate analysis of the experimental DCS's, we
used two anisotropic potential forms having rather different mathe-
matical parameterizations. In addition to these two anisotrbpic

potential forms, we further analyzed the He + CO, DCS using a
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modification to the existing He + CO, electron gas potential. e These
phys.ically reasonable potential forms were used in an effort to gain an
indication of the uniqueness and reliability of the resulting anisotropic
intermolecular potentials.

The first potential form is an elliptical modification to central-

field types of potentials

V(r,y) = e()f[p(r,”)], Wwherep(r,7) = —
Fy )
anil . ) (12)
2
14 rqsinz'y
r,o = Ym ; €(y) = €,+€, Py(cosy) .
iL 14 rql _ y

For an arbitrary v, Ty (y) is the distance to the potential minimum,
and -¢(y) is the corresponding potential energy, with r and v being
defined in Fig. 1. Any central-field reduced potential energy function
may be used for f(p) since the anisotropy is introduced through the
Legendre polynomial expansion of the well depth and the elliptically
shaped well position. A particularly useful and fairly reliable form

for f(p) is the Morse-Spline-van der Waals (MSV) potential, 43

f(p) = eﬁ(l"P) [eB(l"P) - 2] for p < p, ]
£(p) = (py=-p1) [81(pz - p1)" + S5
+ (p-p)l8y(p-py)° + 8] for p, <p <p, > (13)
3
f(p) = - Ei Coird p'(21+4) for p > p, .
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The cubic spline coefficients (i =1 - 4) are fixed by smoothness con-
ditions at the spline points p, and p,. The first spline point is the

inflection point of the Morse function, 42 while the second spline point

3b

is fixed at p, = 1.6. The reduced c  coefficients (n = 6, 8, 10) are

related to the known46 long-range dispersion coefficients by
C, ()
n
Cn = ————r—;——~ ° (14)
e r m(7’)

This anisotropic potential has 5 adjustable parameters: the Morse
shape parameter 38, the anisotropy parameters rq and €,, as well as
rmaL and €,. As predicted by Pack, 4 the experimental data are more
sensitive to the well position anisotropy parameter rq than to the well
depth anisotropy parameter ¢,. The remaining parameters are also
sensitively determined by the experimental DCS's. It is important to
note that these five adjusted parameters are statistically indepen-

dent38’ 42

of one another (see Sec. V), thus allowing physically
meaningful values to be obtained for them.

The second potential form used in this study is a sum of one
central-field potential, located at the molecular center-of-mass, and
two additional central-field potentials, located at distances of z, and
-z, along the molecular axis. The latter two potentials are con-

strained to be identical. Using Lennard-Jones potentials, this aniso-

tropic potential model is given by
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Ty 12 6
v,y = el(4) - 2(5)] )

r 12 r
+ e [(2m) - 2(2)"]

12 r 6
23" - Bty ], i (15)

Ty

Tra

+ €, ( .

1
2

2 2
where r, = [r + z, - 2rz, cosy]? ,

N
|

2 2
and r,=[r +2z;+2rz,cosy]? .

The positions of the middle and peripheral central-field attractive
minima are T and : S respectively, with corresponding well depths

0
€ and €,. An asymptotic expansion of this potential gives

1 6 6
Ve, - [2erp + ¢ rmo]
(16)
1
o {4¢, r;’no zi [5P, (cosy) +16P, (cosy)]}.

Since this does not have a P, anisotropy in the C; coefficient, the poten-
tial does not have the correct long-range behavior. This deficiency is

eliminated by letting

12 6 9

T T @
V(r,y) = ¢ (-;n-‘l) -2 (_r&) - 6(5 ) P,(cosY) .
r
T 12 T 6 T 12 T 6 (17)
4o B Mol o[ Do) |4e m°-2 o
2% N o\ r, e k
p,

where C4(2) is the known46 long-range van der Waals coefficient for P,.
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The third potential form that we used for the He + CQO, data

reduction is a modification of the He + CO, electron-gas potential,l?‘4
h
Vr,7) = DV, 9) + DV, )
+ (1 -D) VO  (r,9) + Dng:Oé (r,7),
? (18)
where VHF(r,y) = 27 P, (cosy)A,qexp(Apr+Aps r?),

=0, 2 vu »

and  Vgg(r,y) =" 2 P (cosy)B,1 exp(Bgr+B 3 1?)
n:(), 2’ o0 o J

arethe electron-gas estimates of the Hartree-Fock and correlation

49-52

interaction energies. The notation and numerical values are

those of Ref. 44, except for the adjustable parameters D,, D, and D,.
As noted elsewhere, a4 the electron-gas model does not have the
correct long-range van der Waals tail. To remedy this deficiency,

it is necessary to smoothly join the short-range electron-gas corre-
lation energy and the known long-range van der Waals tail. There

44,53 ¢ doing this; the first one assumes that the

have been two ways
long-range potential has the correct anisotropy at the position where
the logarithmic derivatives of the corresponding Legendre components

are equal. This is the procedure used by Parker, Snow and Pack, #

giving

Ve (r.0) = 2 vﬁor(r)Pn (cos )

where
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-Bl; exp(B o T + Bn3r2) r<r
vErl(r) = (19)

-Cymr~® - C,(n)r™® r>r .

The point at which the logarithmic derivatives of the two forms are

equal is r , and B ; is chosen to make Vrclor continuous. The second
method assumes that the short-range electron-gas correlation energy

has the correct anisotropy, giving'53

e X v,@) P (cosy),
n=0, 2, e oo
where
(—Bnl exp(Bn2 T+ Bn3 r2) rEr, >(20)
vn(r) =4
L—Ce(n) r % - C, (n) r 4 (Bnl - B;ﬂ) exp(anr + Bn3r2)
r > ro J

There is no a priori way of determining which of these methods is
more appropriate; it is probable that a linear combination of these
methods would be best.

Since the electron-gas correlation energy is only a crude esti-
mate of the actual correlation energy, it is usually necessary to scale
it in order to obtain potentials having accurate well depths.44 This
potential form then has the three adjustable parameters D,, D, and D,

of Eq. (17). The parameter D, scales the repulsive wall. D, mainly

affects the well depth anisotropy, and to a lesser extent affects the
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well position anisotropy. D, determines the overall well depth. The
adjustable parameters, with the exception of D,, mainly affect the
attractive well region, to which the experimental DCS's are most
sensitive.42 This is also the region where the electron-gas potential
is most likely to be inaccurate.

Unfortunately, the D_; symmetry of our ''cigar-shaped' aniso-
tropic potential models is inappropriate for the He + N,O interaction.
A ''pear-shaped’' model having the appropriate C_y symmetry would,
however, require at least one additional parameter. We would expect
this further refinement to have a rather small effect. We note for

54 which is

example, that the dipole moment of N,O is only 0.167 D,
too small to produce the large distortions in the overall electronic
cloud distribution that would presumably necessitate a model with

C,v symmetry.

Using the anisotropic potential models described above, we
calculated DCS's in the center-of-mass coordinate frame for the orien-
tation angles i of a 12-point Gauss-Legendre quadrature, and then
obtained the IOSA DCS's by evaluating Eq. (9). Since the potential
(and hence the scattering) is symmetric about = 7/2, this actually
required calculations at only 6 values of . These results differed
insignificantly from a 24-point Gauss-Legendre quadrature. The IOSA
DCS's are then averaged extensively over both beam's angular and

velocity spreads, identically as in the central-field calculations (Sec.

II1).
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V. _ DISCUSSION

The first question to be addressed is the validity of the usual
assumption that central-field fits to molecular scattering data yield
the spherically symmetric (orientation averaged) component of the

intermolecular potential. 2,11,12

For weakly anisotropic interactions
in highly quantum systems, this central-field assumption has quanti-
tatively been shown to be valid, : although use of an anisotropic potential
parameterization may yield a better description of the data. However,
in preliminary work on He + CO,, it was found that the central-field
assumption breaks down for this highly anisotropic interaction. 6
Interpretations of scattering results for anisotropic interactions
have been based for some time on semi-classical calculations. . These
showed that the effect of anisotropic potential scattering on integral
elastic cross sections is primarily to dampen, or quench the glory
undulations. 10 Similar results were obtained for the supernumary
rainbow and rapid quantum oscillatory structure of elastic DCS's. 10
On this basis, '"total'" (elastic plus inelastic) DCS's not exhibiting the
quenching effect relative to corresponding DCS's from spherically
symmetric potentials have usually been interpreted as being sensitive
only to the spherical average of the intermolecular potential. 2y 11,12
Such a straightforward application of the semi-classical theory for
DCS's is, however, inappropriate for the highly quantum systems under
discussion here. 4 More recently, quantum mechanical calculations

25

have been performed for scattering from anisotropic potentials;™ due

to the complexity of this scattering problem, it has usually been

18-21

necessary to employ approximation techniques. The IOSA has
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44

been used, with reasonable theoretical potentials, *~ to predict quench-

ing in the DCS of both highly quantum and semi-classical systems. 1,9
This approximation should be valid for the systems under consideration,
because the collision energy (~ 64 meV) is substantially larger than the
separation between adjacent rotational energy levels (1 or 1.5 meV at
300 K).

By comparing the experimental DCS's and the central-field fitted
ones of Fig. 2, it is quite evident that the He + CO,, N,0O, and C,N,
scattering patterns exhibit significantly quenched oscillatory structure.
Central-field potential parameters are presented in Table II for fits to
the entire DCS's, and to just the low scattering angle measurements
(6 < 6°). Classically, the latter measurements should be due primarily
to long-range interactions, which are more nearly isotropic than are
short-range ones. Consequently, it is possible that the central-field
assumption may be more appropriate for low-angle DCS's than for ones
including scattering at relatively wide angles. We see from Table II
that the potential parameters obtained from these central-field fits to
each of the systems considered are quite different, despite the appro-
priateness of their parameterizations for fitting isotropic potential
sca.ttering.42 The large differences are substantiated graphically by
referring to the potentials plotted in Figs. 3-5 for He + CO,, N,O, and
C,N,, respectively, and provide another clear indication that anisotropic
effects are important for these systems.

DCS's calculated from best-fit anisotropic potentials of Eqs. (12)
and (13) fit to the data are also shown in Fig. 2. It is quite apparent
from the figure, and from the statistical indices of Tables II and IV,
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that the elliptical anisotropic potential model is much better able to
reproduce the entire experimental DCS thaﬁ is the highly flexible
SPFD potential model, for which the same number of parameters were
adjusted. In Tables III and IV we give parameters for these elliptical
potentials, as well as well position and depth parameters for the
spherical averages. By comparing the latter parameters with the
corresponding ones of Table II, we see that there are substantial differ-
ences, especially for €, between the spherical averages of the aniso-
tropic potentials and the central-field fitted ones. Referring again to
Figs. 3-5, it is apparent that central-field analyses of the present
DCS's do not yield the orientation average of the anisotropic intermo-
lecular potential, even when only low-angle scattering is considered.
The central-field assumption is thus invalid for the highly anisotropic
interactions being considered herein.

The empirical anisotropic potential energy surfaces obtained
from the fits to the elliptical potential model of Eqs. (12) and (13) are
shown in Figs. 6 and 7 for He + CO, and He + N,O, respectively. We
do not show the corresponding potential energy surface for He + C,N,;
the elliptical parameterization is inadequate to realistically model the
very large anisotropy of this system. N'evertheless, the anisotropic
potential does yield an improved fit to the DCS over the best central-
field fits. It may be necessary to introduce a second parameter for
the rm(-y) function of Eq. (12), or to allow the Morse parameter 8 to
vary with y as well. However, it is probably inappropriate to adjust

six potential parameters to the present data. %y 82
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Finally we present in Fig. 8 the fits to the He + CO, DCS using
the triple-1J parameterization of Eq. (17), and using the electron-gas
model of Eqs. (18)-(20). 44 Unfortunately, significant difficulties were
encountered in fitting the parameters of both these models to the DCS
data. For the triple-LJ fit, the parameter € [Eq.(15)] became very
small, thereby effectively eliminating the effect of the central LJ
potential and reducing it to a three-parameter fit. The parameters
were highly statistically correlated, and hence their numerical values
may not be very realis’cic.42 Moreover, the non-coincidence of the
peripheral LJ functions' origins with the O atoms (z, = 1.97 A, com-
pared with the bond length of 1.16 A) is unphysical. Nevertheless,
the triple-LJ anisotropic potential obtained does fit the experimental
DCS reasonably well (AaO.QS/a =1.18%). The electron-gas param-
eterization also yielded fits with highly statistically correlated potential
parameters. The D, parameter obtained was very close to zero, indi-
cating that it may be more appropriate to join the short-range electron-
gas potential to the long-range van der Waals attractive tail by the
second of the methods suggested in Sec. IV [Eq.(20)]. The best-fit
electron-gas potential, however, yielded a DCS in substantially poorer
agreement with the experimental one (Aa0.95/a =1.99%) than did either
the elliptical or triple-LJ parameterizations (Fig. 8).

Contour diagrams for the He + CO, triple-LJ and electron-gas
empirical intermolecular potentials are shown in Figs. 9 and 10,
respectively. Both these potentials are qualitatively different from the
one obtained by using the elliptical model (Fig. 6). The latter gave a

"T-shaped" equilibrium He-CO, configuration, whereas the former two
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yield linear ones. The triple-LJ potential has a much larger well depth
anisotropy than does the elliptical one, while the electron-gas well depth
is nearly angle-independent. It seems that without supplementary
information, it would be difficult to decide whether the potential energy
surface has an absolute minimum for y = 0,7 or for y = n/2. Fortu-
nately, such supplementary information is available for some van der
Waals interactions, indicating that the T configuration is more stable
than the linear one for non-polar or weakly polar interactions (e.g.,

He + L, Ar + H,, Ar + OCS), but is linear for highly polar ones (e.g.,
Ar + HC1, Ar + HF). 1 It is quite likely that the systems considered in
this study also have T-shaped equilibrium configurations, and that the
elliptical potentials shown in Figs. 6 and 7 are more reasonable than

the empirical triple-LJ or electron-gas ones.
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VI, SUMMARY AND CONCLUSIONS

Paat

By measuring the differential cross sections (DCS) for scattering
of a room-temperature nozzle beam of He by crossed beams of CQO,,
N,O, and C,N,, we have determined physically realistic intermolecular
potentials for these systems. These potentials have large anisotropies,
both in the well depth and in the position of the attractive minimum.
Central-field analyses of the scattering data yield potentials that are
not the orientation averages of the anisotropic intermolecular poten-

tials. 4

The central-field assumption fails even when only that part of
the DCS least sensitive to repulsive interactions is considered in the
analysis.

For the He + CO, interaction, several empirical anisotropic
parameterizations werefitted to the DCS data. Most successful of
these was an elliptical modification of central-field types of potentials.
A model utilizing the sum of three central-field potentials (triple-LJ),
centered on the molecular center-of-mass and along the molecular
axis, yiélded a good fit to the DCS, but gave a qualitatively different
potential energy surface than did the elliptical one. Finally, the
attractive well region of the electron-gas He + CO, potentia.l44 was
adjusted empirically to the data. It also provided a qualitatively
different anisotropic intermolecular potential, but yielded much
poorer fits to the DCS data. The triple-LJ and electron-gas models
suffer from highly statistically correlated potential parameters, while
the lack of such correlations for the elliptical model may indicate that

it is more physically reasonable. The equilibrium configurations for
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the interactions being considered are probably ""T'-shaped rather than

15 This behavior is shown by the elliptical parameterization,

linear.
whereas the triple-LJ model yields a strongly favored linear configu-
ration, and the well depth of the empirically adjusted electron-gas
potential is nearly isotropic. We conclude that the elliptical param-
eterization is appropriate for the He + CO,, N,O, and C,N, van der

Waals interactions.
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TABLE I. Beam operating conditions

Characteristic Primary beam Secondary beams
Beam gas He CO, N,O N,
Inlet pressure/torr 1300 4.1 4.1 4.1
Inlet temperature/K 298 298 298 298
Angular FWHM®/deg. 1 4 4 4
Most probable velocity/ (km/sec) 1.757 0.478 0.478 0.440
Velocity FWHM,? Av/v 0.10 0.7 0.75 0.75

35

Mach number 18 1.5 1.5 1.5

) pall width at half maximum,
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TARBLE III. Van der Waals asymptotic dispersion constants.?
System Co(0)/eV-A° C(2)/eV-A° C,(0)/eV-A® C4(2)/eV-A®

He +CO, 9.98 2.31 46. 4 48.4

He + N,O 11.33 3.17 52.5 54.9

He + C,N, 18,92 4.42 88.0 94.4

2 See Ref. 46.
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FIGURE CAPTIONS.

Fig. 1. Center-of-mass coordinate system for (e.g.) the He + CQ,
interaction. r is the length of the position vector r of the He atom
with respect to the molecular center of mass, and 6 is the angle

between r and the molecular axis.

Fig. 2. Laboratory differential cross sections for out-of-plane
scattering of He by CO,, N,O, and C,N,, with 6rdinates shifted down-
wards by one decade for each system in this sequence. Points with
error bars are the experimental measurements of the scattering cross

sections36

I() - sinf vs. the scattering angle 6, at a relative collision
energy of 64 meV. Curves are DCS's calculated using potentials
extracted from the data. Solid lines: anisotropic elliptical potential
of Eqs. (12) and (13); dashed lines: central-field SPFD potential;
dotted lines: spherical average of the anisotropic elliptical potential.

The potential parameters are given in Tables II, III, and IV.

Fig. 3. Spherically symmetric intermolecular potentials for He +
CO, as a function of intermolecular distance. Solid curve: spherical
average of the anisotropic elliptical potential; dashed curve: central-
field SPFD potential; dotted curve: central-field SPFD potential fit to
only the low-angle scattering data (f < 6°). The error bar on the
spherically averaged anisotropic potential indicate the accuracy with

which potentials may be determined from isotropic DCS data.42

Fig. 4. Spherically symmetric intermolecular potentials for He +

N,O; symbols as in Fig. 3.
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Fig. 5. Spherically symmetric intermolecular potentials for He +

C,N,; symbols as in Fig. 3.

Fig. 6. He + CO, empirical potential energy surface, calculated
from the elliptical anisotropic potential of Eqs.. (12) and (13). Poten-
tial energy contours (in meV) are displayed for V(r,y) < 10 meV; the
polar coordinates in this diagram are r (in A) and y. Solid lines:
V(r,v) > 0; dashed line: V(r,7) = 0; dotted lines: V(r,y) < 0. The
absolute minimum on the potential surface is -3.93 meV and occurs at
vy =7/2; r = 3.31 A. Saddle points occur for the collinear configura-
tions ¥y = 0, ; r = 4.77 A, where the potential energy is -1.07 meV.
The minimum and saddle point positions are denoted by crosses. The
positions of the C and O atoms are also shown for reference. The
slight uneveness of some of the contours is caused by the crudeness

of the potential model.

Fig. 7. He + N,O empirical potential energy surface, calculated
from the elliptical anisotropic potential of Egs. (12) and (13). Symbols
as in Fig. 6; the absolute minimum is -4.20 meV and occurs at

y =7/2; r = 3.45 A; saddle points occur at ¥ = 0, 7; r =5.05 A,

where the potential energy is -0.46 meV.

Fig. 8. Laboratory differential cross sections for out-of-plane
scattering of He by CO,. Points with error bars are the experimental
measurements of the scattering cross sections36 I(6) - sind vs. the
scattering angle 6, at a relative collision energy of 64 meV. Curves

are DCS's calculated using potentials extracted from the data. Solid
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line: anisotropic elliptical potential of Eqs. (12) and (13); dashed line:
empirical electron-gas potential of Eqs. (18-20); dotted line: triple-LJ
potential of Eq. (17).

Fig. 9. He + CO, empirical potential energy surface, calculated

from the triple-LJ potential of Eq. (17). Symbols as in Fig. 6.

Fig. 10. He + CO, empirical potential energy surface, calculated

from the electron-gas potential of Eqs. (18-20). Symbols as in Fig. 6.
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APPENDIX C

Crossed molecular beam experimentation
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The apparatus used for the experimental work described in this
thesis was discussed in the introduction as a crossed molecular beam
device. ''Device' is really a misnomer; the apparatus is monstrous,
though with care it can be quite wieldy! The ultimate goal of such an
apparatus is itself very simple: atoms or molecules are prepéred in
specified internal states and with specific translational energies. The
resulting well-defined collisions between such particles are observed
as functions of product internal state, velocity, and scattering direc-
tion. The present version of our somewhat more modest apparatus
has evolved over several years from those used previously. Our des-
cription herein will involve only a broad overview of the experimental
techniques and ideas involved. Conditions most relevant to the experi-
mental results have been described in detail earlier in this thesis
(Chapter 2, Sec. II). Other aspects of the apparatus have very recently
been described in great detail. 1 Another description of an earlier ver-
sion of the apparatus provides a relevant background for the present
discussion. & Late model modifications to the apparatus and proce-
dures are detailed towards the end of this appendix.

Not unexpectedly, practical limitations restrict the amount of
specificity that can be attained in the crossed beams apparatus, both
in the collision conditions and in detector sensitivity. We first point
out that since the experiments performed in this thesis are due pri-
marily to elastic scattering, the internal states of the scattered
particles are the same as the initial ones. The remaining degrees of
freedom are therefore just the initial velocity vectors of the colliding

partners, and the scattering direction. The incident direction of the
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colliding partners is best specified by angularly well collimating the
particles emerging from a source of the gas, hence the term '""'molecu-
lar beams'. Merely allowing a gas to effuse from a region of rela-
tively high pressure into a region of lower pressure, however, results
in a poorly defined velocity of the particles. Consequently, we use a
""'supersonic expansion' (or '"nozzle beam'') to generate one of the
beams, which we will henceforth label as the primary beam. The
secondary beam is generated by a source combining some of the
advantages of the supersonic expansion, without requiring some of its
more elaborate features (such as high speed differential pumping);

In order for the beams' initial conditions to be propagated into
the crossed-beams interaction region and result in a well-defined
collision, only collisions in that region can be allowed. Consequently,
the pressure in regions traversed by the beams, and in the beams
themselves, must be sufficiently low to ensure single-collision
conditions. We also note that it is only under such circumstances that
the scattering angle can be readily determined. For example, if a
particle originating from the scattering zone experiences a second
collision during its flight to the detector, the initial scattering direc-
tion information is lost. Since the crucial aspect of the experiment is
to measure the scattered intensity as a function of the scattering angle,
it is essential that secondary collisions be avoided. With the present
experimental apparatus, single-collision conditioﬁs are ensured by
working at pressures of 210"6 torr. These high-vacuum requirements
place an upper limit on beam intensities, and thereby place stringent

requirements on detector sensitivity.
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Since the scattering partners are neutral species, the beam to be
analyzed must first be ionized. The electron-bombardment ionizer
itself however, hardly discriminates at all against background gas
particles in the ionizer region. Consequently, the residual gas at the
mass of interest must be reduced to very low levels, since the scat-
tered beam itself is many orders of magnitude less intense than the
incident beam. This problem is exacerbated in non-reactive collisions:
the scattered beam to be detected has the same mass as one (or both)
of the incident beams. Requirements for the detector therefore fall
into two categories; vacuum pumps effective for the scattered gas, and
discrimination against background in addition to mass filtering. The
first requirement is satisfied in our experimental arrangement, by
using a combination of high-speed pumps, which function at pressures

10 torr. Furthermore, effectively isolating the detector

below even 10~
chamber from the scattering zone (except for small collimators) by
two stages of pumping removes most of the background gas before it
ever reaches the ionizer. Under the operating conditions currently
realized for the detector, its sensitivity limit for a scattered He beam
is about 20 ions per second reaching the ion counter. This corres-
ponds to a partial pressure of scattered He in the ionizer region of

-14

~10 torr! To extract this extremely weak signal from the back-

ground partial préssure‘ of He in the ionizer region of ~10'11

torr,
we must use modulation techniques. This involves '"labeling' the
primary beam during its flight time by 'alternately opening and closing
a shutter interrupting its flow at some known frequency. Since the

primary beam particles of interest travel directly from the beam
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source, and are deflected by the (unmodulated) secondary beam into
the detector, they must arrive with the same frequency information as
the primary beam shutter. Their arrival must also be phase-shifted
by an amount corresponding to the molecular flight time and fthe
detector electronic response time. These AC modulation techniques
improve the signal-to-noise ratios by about three orders of magnitude.
The weakest signals measured in the experiments described in this
thesis require about one hour to gain a signal-to-noise ratio of ~5.

We now turn to the modifications made in the crossed-beams
apparatus since the most recent detailed description. We first discuss
the alignment procedure. The purpose is to ensure that the intersec-
tion of the two beams occurs in a well-defined zone, and that the
detector rotates exactly about this zone. A preéision—machined pin is
placed at the scattering center, which is along the vertical axis of the
apparatus. Since the scattering angle is defined by the deflection of
primary beam particules into the detector, the most essential part of
the alignment is to ensure that these components be in an exact line,
for a zero-degree scattering angle. The primary beam axis is defined
by three orifices: the nozzle, skimmer, and final collimator. These
are adjusted to be collinear (horizontally and vertically) with the pin at
the scattering center, thus defining the 0° scattering direction. The
two collimators defining the detector axis are then adjusted to be
exactly on this 0° scattering direction, and the angular readout system
is adjusted accordingly. This part of the alignment is performed with
a precision optical surveyor's telescope placed opposite the primary

beam, rather than opposite the secondary beam. Earlier practice
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utilized a mirror to sight along the 0° axis, but was abandoned when it
was realized that this may have introduced distortions in the par-
ticularly important 0° alignment. The next step is the alignment of the
secondary beam, for which purpose the surveyor's telescope is placed
along the 90° axis. With the pin still in place at the scattering center,
we need only ensure that the secondary beam axis pass through it.
After accomplishing this adjustment, we check the detector's ability
to rotate precisely about the scattering centér, by measuring the dis-
tance between the pin and the detector's entrance collimator. This
distance should not chan'ge as the detector is rotated throughout its
in-plane and out-of-plane angular range. Based on this check, and on
the accuracy with which the collimator positions may be measured and
adjusted, the overall alignment is accurate to about +0.2°. This
residual misalignment may be measured and comp2nsated for in the
scattering data, as detailed earlier in this thesis (Chapter 2, Sec. IV).
We pointed out earlier that the vacuum requirements of the de-
tector are very stringent. In order to reduce the outgassing rate from
detector surfaces during experiments, even after vigorous bakeouts
have cleaned them substantially, the entire detector is cooled by liquid
nitrogen. This also provides a radiation shield for the liquid helium
cryopump, which provides most of the pumping action in the pressure-
critical ionizer region. Formerly, the liquid nitrogen cooling was
provided merely by flowing the cryogen through cooling jackets on the
detector. This flow system was very inefficient however: one 20-hour
experiment would require two or three 160-¢ dewars. Moreover,

because of the condensability of background gases, variations in the
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cyrogen flow would seriously affect the pressure in the apparatus. To
solve both these problems, the detector's cyrogen supply is now held in
a large storage dewar. The cyrogen level is the same in this storage
dewar as inside the apparatus, and the efficiency of its use has been
improved by a factor of two or three. As long as the storage dewar is
kept reasonably full, the cyrogenic lines inside the apparatus do not
undergo temperature fluctuations, and this source of pressure "bursts"
has been eliminated.

Prior to May 1977, scattered beam particles were detected only
by analogue devices. This was modified using an ion detector whose
high-gain and fast-response characteristics make it suitable for count-
ing individual ions impinging on the detector. Signal processing for
this pulse detector system is described in detail in Ref. 1. In principle,
pulse counting techniques should allow detection of lower signal levels
because the ion current, instead of being time-averaged in its amplifi-
cation, retains its inherently discrete characteristics. Counting
individual pulses also allows their arrival time to be accurately mea-
sured, providing an important incentive for the use of these techniques,
as discussed below. As with all detectors, the output signal must vary
in a known fashion with the input signal. The first ion detector used
was a Spiraltron, which loses gain for count rates above ~2x10* Hz.
This does not cause a problem until the gain is insufficient for the
pulses to pass the discriminator of the counting circuitry. For modu-
lated experiments, this may be a particularly significant problem.
During the time that the primary beam is on, the ion count rate is

higher than when the primary beam is off. The gain during the beam-
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on interval'may then be lower than during the beam-off interval, and
fewer of the counts occurring during the former interval are recorded.
At high signal level, thé modulated count rate therefore becomes non-
linear. The Spiraltron was carefully checked to determine the upper
limit of its linear response with our detection electronics. For a He
primary beam, this. was found to occur at a background count rate of
~T7x10* Hz. The detection system was always kept at a sufficiently low
sensitivity to prevent non-linear response. However, operation at the
\ requisite reduced sensitivity required considerable sacrifice in the
signal-to-noise ratio of the experiment. Later on, a new ion detector
was placed in the mass spectrometer. The gain of this high-current
Channeltron is higher than that of the Spiraltron formerly in use, and
does not fall off with increasing count rate as quickly. Although it has
not yet been used in a scattering experiment, the Channeltron's
linearity has been verified for count rates of up to ~3x10° Hz; we
anticipate its full dynamic range to be up to ~10° Hz. At this high
count rate, the electronic counters lose linearity, and would probably
not be reached during scattering experiments. Consequently, the
present ion detector is capable of linear operation throughout the
entire dynamic range required in the experiment.

To conclude this appendix, we now turn to a discussion of future
types of experiments to be performed on the crossed-beams apparatus.
In the immediate future, these will involve measurements of energy
transfer caused by collisions between the beam particles. At the
thermal energies used, the most probable inelasticities are due to

rotational transitions of the molecular scattering partner. In
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atom-molecule systems, one way to determine these energy transfers

is to measure the velocity change of one of the scattering partners.
Conservation of energy and momentum then allows a direct evaluation

of the number of rotational quanta transferred to or from translational
degrees of freedom. The technique to be used in these experiments is
time-of-flight velocity analysis of the scattered beam. In order to
attain high duty cycles, the time-of-flight pulses are allowed to over=-
lap during their flight to the detector. The time-of-flight distribution

is thus convoluted over the chopping function of the velocity analyzer.

To recover the original velocity distribution, it is necessary to decon-
volute this chopping function from the temporal distribution of the scat-
tered signal. The chopping function's intervals are very short (~10pusec.),
requiring fast response of the detector; hence pulse counting techniques
are essential, as indicated earlier. The deconvolution procedure is des-
cribed in detail in Ref. 1. Also discussed there are the associated elec-
tronics (a multi-channel scaler) required for accumulation of the tem-
poral signal distribution. Currently, the system is designed to operate
with the velocity analyzer rotating at 400 Hz, with 255 intervals. The
flight path between the analyzer and the mass spectrometer ionizer is

15 cm; for a supersonic He beam at 300 K, the average flight time is
thus ~ 100pusec. Consequently, most of the velocity information is
contained in the first few intervals of the time-of-flight distribution, and
the resolution may be poor. To solve this problem, it may be necessary
to increase the flight path somewhat, although this would require exten=-
sive hardware modifications. Alternatively, the rotation frequency of

the velocity analyzer may be increased. This has been accomplished
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for up to 800 Hz (almost 50,000 rpm. ), but I'd hate to be around if the
bearings go'! Even greater rotation frequencies may effectively be
attainable by repeating the interval sequence around the velocity
analyzer disk while decreasing each interval width accordingly. Of
course, the velocity resolution problem can always be lessened by
using slower beams. It is hoped that the velocity analysis experiments
will provide sufficient resolution to resolve the inelastic differential

cross section from the elastic one.
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Extraction of interatomic potentials from

elastic differential cross section measurements
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As with the experimental aspects of the crossed-beam project, the
data reduction procedure is quite involved. Many of its computational
features have been discussed earlier in this thesis (Chapter 2, Sec.
III). In order to understand the data gathered by the experiment, a
thorough understanding of the data analysis is essential. We will
begin by providing an outline of the classical and quantal descriptions
of central-field elastic scattering. More detailed and general discus-
sions may be found in a number of standard references. L=

In a central-force field, the scattering partners may be considered
structureless (even if they are not atoms, internal degrees of freedom
are neglected in this approximation), so that there are six coordinates,
which classically specify the problem completely. Separating the
center-of- mass motion from the relative motion between the two
particles of masses m; and m, simplifies the problem to a three-

coordinate one. This may be regarded as the dynamics of a single

particle, of ""reduced mass'' u= D,M, | in a central-field potential

m,+m, ’
U(r). This "effective potential” is the sum of the interatomic poten-
2
tial V(r) and a centrifugal term L = The latter contribution arises
2ur

from the separation of the angular momentum ¢ , which is a constant
of the motion for central-field potentials. The total energy of the
system E is also a constant of the motion, and we obtain the two

first-order differential equations,

& -(2 = - v W
¥ -4 (2)

) 2ur?
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22
217
of change of the relative velocity vector's direction. This classical

Here, U(r) = V(r) + is the effective potential, and g'f@_ is the rate
trajectory may then be integrated, yielding the assymptotic scattering
angle as
1 dr -3
X(E,b) =7 - 2bE2 f —, [E-U(r)]2 (3)
r, dr

The impact parameter b is what the distance of closest approach of the
colliding particles would have been if there were no interaction between
them; the classical turning point r " is the corresponding distance of |
closest approach in the presence of the interacﬁon potential, and may
be obtained from Eq. (1) by setting g%l = 0. The classical deflection
function'given by Eq. (3) may be found once the potential V(r) and
relative collision energy E are specified.

At this point, it is convenient to introduce the reduction variables
ra and € ; the first is the attractive minimum radius of the inter-

action potential, and € is its depth. Eq. (3) becomes

o 2 -1
_q-2p- [ - B |2
) =a -2 [ 98 1 B =] "
G
¥ e b . E
where p = 7~ ; p == 1 =4 — are reduced distances, and K = =

m m m
f(p) = Yg are reduced energies. A useful quantity in discussing the

probability of occurrence of scattering is the (integral) cross section,

Q- total number of scattered particles per unit time (5)
a incident particle intensity

The measurements made in this thesis are related to the differential

cross section (DCS) for scattering,
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number of particles scattered into d2 per unit time (6)
b4

o (R)dQ = incident particle intensity

where d2 is an element of solid angle. The integral cross section is
given in terms of the DCS by Q = fo(Q)dQ. In the present non-polarized
beam experiments, the scattering is symmetric about the (relative)

beam axis, as that
o (§2)dQ = 2m0(9) sind do , (7)

where § is the scattering angle. For a particle incident upon a center
of force with reduced impact parameter between 8 and g + dg, the
deflection angle will be between x and x+ dx, as given by Eq. (4). The

relation between the DCS and the classical deflection function is thus

ox) = - b - (8)

For potentials with an attractive well, the classical deflection function
x(B) passes through a minimum at the ''rainbow angle" Gr; for 0 <6r
there are three different impact parameters contributing to the scatter-
ing at a single 6 = |x|. Consequently, the classical DCS for van der
Waals potentials is given by

i=1,2,3 fore <@,

o(8) = -3 B 'dBi 9)

i sing | dé

i=1 f0r8>9r

The classical DCS is thus dependent only on the reduced energy K.
Although it may provide useful insights, classical mechanics is
often inapplicable to the problem of atomic and molecular scattering.

Quantum effects for the systems studied in this thesis are large,
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since the van der Waals potential energy changes significantly over the
de Broglie wavelength (~0. 5A). The demise of the classical descrip-
tion is a manifestation of the uncertainty principle, in that both g8 and

x cannot both be simultaneously well defined. Consequently, the
classical trajectory of Eq. (4) cannot be used for such systems; indzed,
the concept of a trajectory becomes poorly defined.

As for the classical scattering problem discussed above, the
quantum description is given most conveniently in the center-of-mass
coordinate frame. Since the effects of scattering can only be observed
in a region far removed from the interaction region (as compared to
collision dimensions), we treat the quantum ra=chanical problem by
considering the asymptotic behavior of the wavefunction. It may then
be described as an incoming plane wave (conveationally chosen incident

aloag the z-axis), and an outgoing spherical wave,

: 0, :
U(r, 0, ¢) = % 4 —fli(r—i) L etk (10)

where k = Eﬁi is the wavenumber and v is the relative collision
velocity. The scattering amplitude function fk((), ¢) contains the re-

sults of the collision, and is related to the DCS as

2

(11)

00, 9) = | 1,00, 0)

As for the classical case, the DCS must be axially symmetric; in
further restricting the treatment to central fields, the wavefunction
may be expanded in terms of Legendre polynomials PQ(cose) and the

expansion coefficients a,,
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< (r)
Y(r,0) =2 a,- u‘ir + P, (cos6) (12)
2=0

Substituting Eq. (12) into the Schridinger equation yields equations to

be satisfied by the radial wavefunctions ug(r) for each ¢;

d22 - ﬂ(ﬁ:l) -U(r) +X° uﬂ(r) =0 , (13)
dr r

where now U(r) = %H - V(r). For V(r) =0, Eq. (13) reduces to Bessel's
b

equation; since we must have uI(O) = 0 for Y(0) to be finite, only the

regular solution is acceptable,
V(r) =03 uy(r) =kr - j,(kr), (14)

where jﬁ(kr) is the regular ch-order spherical Bessel function. Since
the j g are asymptotically sinusoidal, the net effect of a potential V(r)
which falls off rapidly as r — «, is to introduce an energy-dependent
""phase shift" Mg = nf(k) in the asymptotic solution,

. f s o a )
Y(r, o) = elkZ | f(6) . RIS Z —Fﬂ'sm(kr-g—+n£)Pﬂ(cose)

r
2=0
(15)

We now perform the partial wave expansion of the plane wave compo-

nent of Eq. (15),

. 0o N/
elkz = Z (2£+1)§—f - sin (kr -lrzﬂ-)Pg(cose) (16)
2=0

The expansion coefficients a o may now be identified by comparing out-

going and incoming spherical waves (the latter must vanish):

in
aﬂziﬁyf:—l e ! am
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The scattering amplitude is then given as

1 17
fk(e) =F (2Q+I)PQ(COSQ)SIHT]£G ¢ (18)
=0
The DCS may be found by substituting Eq. (18) into Eq. (11),
o(0) = —{| 3 (20+1)sin(25,)P ,(coso)|
=0
©
2 3
) (20+1)[cos(27,) - 1]P ,(coso) | » . (19)
=0

Using the orthonormality relations of Legendre polynomials, the

integral cross section attains a particularly simple form:

Q(k) = 4{;”2— . i (2Q+1)sin2ng . (20)

=0
Note that the quantum mechanical cross section depends on both the
energy and the wavenumber, while the classical cross section is inde-
pendent of k.

The only remaining task is to determine the scattering phase
shifts M- This may be accomplished by comparing the asymptotic
behavior of the radial wavefunctions [the ug(r)] satisfying Eq. (13),
with the corresponding V(r) = 0 solutions. The u Q(r) may be obtained
by direct numerical integration of Eq. (13). Alternatively, approxi-
mation methods may be used, one of the most successful of these

2,3,6

being the JWKB formulation. The JWKB phase shifts are not

usually of sufficiently high accuracy at low ¢ for our purposes; they
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can be corrected by applying the method of Rosen and Yennie, based on
a perturbation of the JWKB wavefunctions. 6

The computational procedure for obtaining DCS's is thus quite
straightforward. For an assumed interaction potential V(r), the
radial Schrédinger equation [ Eq. (13)] is numerically integrated to
obtain the partial wave phase shifts as functions of the wavenumber and
energy of the colliding partners. These are then used in Eq. (19) to
obtain the DCS. Since the dynamics are calculated in the center-of-
mass coordinate frame, the calculated DCS must be transformed to the
laboratory coordinate frame before comparison to the experimental
data. Further complications arise from the finite angular and energy
resolution of the apparatus; the calculated lab DCS's must therefore
be averaged appropriately over the apparatus angular and relative
velocity distributions. Finally, we note that the calculated DCS is in
absolute units (e.g., A’ /steradian), whereas the measured DCS is in
arbitrary units, since absolute measurements, which are very diffi-
cult to obtain, are not made. The calculated DCS must therefore be
scaled to the measured one: only the shape of the DCS is used in de-
termining the interaction potential.

Up until now, we have considered only the "forward'' part of the
data reduction, proceeding from an assumed interaction potential to
the measured DCS. The goal of the experiment is,however, just the
reverse:. determining V(r) from the DCS. This is accomplished in a
standard fashion, 7 by optimizing parameters of an assumed mathe-
matical form chosen to represent the interaction potential. The

appropriateness and uniqueness, and hence the accuracy, of this
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procedure, has been examined in detail earlier in this thesis (Chapter

1).
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