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Research on atom-molecule interactions by high-energy scattering (at energies ~ 1 keV) through
small angles (10~%~10~2 rad) is reviewed. The present state of experimental methods for this
research is discussed. Theoretical aspects of research on potential-energy surfaces by means of
high-energy scattering are analyzed. The results of recent research are summarized. In particular,
there are discussions of research on elastic and inelastic scattering, a new effect (the vibrational
rainbow) discovered in the scattering of atom-molecule systems, and measurements of the spectra
of the total energy loss. Some possible directions for the further development of experiments are
pointed out. Further experimental progress will require the assimilation of laser methods and

position-sensitive particle detectors.
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1. INTRODUCTION

Research on atom-molecule collisions utilizing the
scattering of beams of high-energy charged and neutral par-
ticles through small angles has been pursued vigorously in
several laboratories over the past decade. The results which
have been obtained substantially improve our understanding
of the nature of the interaction of atomic particles in close
collisions, and they open up some new opportunities for de-
scribing the macroscopic behavior of matter under the ex-
treme conditions which prevail in such close approaches.
Our purpose in this review is to discuss the progress which
has been achieved and the outlook for further progress in
this field.

High-energy scattering is a branch of the physics of
atomic collisions devoted to studying atom-molecule scat-
tering on the repulsive branch with the goals of (a) determin-
ing the short-range forces involved in interatomic and inter-
molecular interactions, (b) studying inelastic molecular
transitions, and (c) studying nonadiabatic electronic transi-
tions.

The interactions of atoms and molecules with a relative-
motion energy not exceeding 10 keV is described at short and
intermediate ranges in the Born-Oppenheimer approxima-
tion,’ in which the motion of the electron component of the
quasimolecule is assumed to be independent of the motion of
the nuclei. The functional dependence of the energy of the
quasimolecule on the distance between the nuclei corre-

332 Sov. Phys. Usp. 28 (5), May 1985

0038-5670/85/050332-17$01.80

sponds to a multidimensional potential-energy surface
which is, in the interaction of atoms (the simplest case), a
function of a single variable: V(R ). Corresponding to a given
configuration of the nuclei is a set of potential-energy sur-
faces, one of which describes the ground state of the electron
component, while the others describe excited states. Colli-
sional electronic transitions usually occur at fixed positions
of the nuclei (the Franck-Condon principle), when the sur-
faces corresponding to different electronic states of the sys-
tem come sufficiently close together. The set of potential-
energy surfaces corresponding to different electronic states
is fundamental information which can be used to describe
the dynamic behavior of molecular systems. In turn, this
information is a key to a quantitative description, through
achievements in statistical mechanics, of a broad spectrum
of macroscopic properties of matter in gaseous and con-
densed phases.

The theory and the computational facilities available
today are so powerful that the accuracy of predicted proper-
ties is determined exclusively by the accuracy of the data
available on the potential.

The forces which act at short range provide the founda-
tion for the predictions of properties of matter under ex-
treme conditions of high temperatures or extremely high
pressures and also for describing the behavior of gaseous
systems upon a sharp deviation from equilibrium.

Let us examine in slightly more detail the problem of
theoretically predicting the properties of matter (the equa-
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tion of state) at extremely high pressures, above 1 Mbar. A
considerable effort has been made in recent years to study
the shock compression of matter. Measurements have been
carried out in the submegabar and megabar ranges for many
materials (see the bibliography in the review by Bushman
and Fortov? and in the recent papers by Nellis ez al.> and
Kondo and Ahrens*). Shock compression is unavoidably ac-
companied by a pronounced heating of the matter, so that
these results can tell us nothing about cold compression.
Theoretical models of thermal excitation can be used here,
but their accuracy is poorly controllable. There is the inter-
esting alternative of studying cold compression of matter at
pressures in the range 1-1000 Mbar through the use of reli-
able empirical or nonempirical repulsive potentials. This ap-
proach should obviously be regarded as a supplement to dy-
namic methods.

A question of fundamental importance to the descrip-
tion of the properties of condensed media in a highly com-
pressed state is the validity of describing the interactions in
terms of a binary interaction, i.e., the validity of ignoring
nonadditive effects. The point of view which has emerged
from a prolonged discussion of this question in the literature
is that the interaction energy of systems of atoms (or mole-
cules) with closed shells can be described in the additive ap-
proximation over a broad range of compressions.’ For mo-
lecular systems, anisotropic potentials can be approximated
in a certain way by average intermolecular potentials.® In
principle, the range of applicability of this description can be
studied, and nonadditive corrections can be found, by work-
ing from data on scattering in composite systems including,
for example, van der Waals clusters.

Let us examine compressed Ar and Xe as examples. The
binary potentials found for these gases in the experiments of
Ref. 7, can be used to calculate an equation of state. Figure 1
shows the results of such calculations of the compressibility
of Ar and Xe at 7= 0 K. In these calculations it was as-
sumed that Arand Xe form a crystal lattice with a hexagonal
close packing. The energy of the crystal, W, is found by sum-
ming the binary interactions, and the compressibility is
found from the change in the energy upon a change in the
volume of the unit cell, v;

W—535 VR, b
W
P—_ 9. 2)

For these systems we also have results calculated from
the Thomas-Fermi model with quantum and exchange cor-
rections.® We see that the compression curves calculated by
the two approaches agree quite well in terms of both the
overall behavior and the absolute values (an essentially com-
plete agreement can be achieved quite easily in Fig. 1 by
slightly changing the absolute values of the empirical param-
eters; such changes would be completely justified in view of a
possible systematic error in the measurements’).

For the compressibility of Ne, we might note, thereisa
significant discrepancy with the conventional Thomas-Fer-
mi model with its corrections. There is reason to believe that
this discrepancy is not a consequence of ignoring the nonad-
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FIG. 1. Curves of cold compression calculated for condensed argon and
condensed xenon. Solid lines—Cold-compression curves calculated for a
hexagonal close-packed structure of matter through the use of the empiri-
cal interatomic potentials from Ref. 7; 1—results of calculations in the
Thomas-Fermi approximation with quantum and exchange corrections®;
2—data of Ref. 8 after normalization at points labelled 3.

ditive interaction but instead a manifestation of a shell struc-
ture of atoms of a material—an effect presently under dis-
cussion in the literature.?

The use of reliable empirical potentials for composite
molecular systems (e.g., H,0, N,, SiO,, H,, and their mix-
tures) will presumably lead to a reliable prediction of the
behavior of matter in the megabar and gigabar pressure
ranges.

Theoretical methods are presently the most powerful
methods for determining anisotropic potentials, and they
will apparently remain so in the future. Progress in computa-
tional methods in quantum chemistry and the continuously
increasing power of computers have brought us to a stage in
which nonempirical numerical calculations of anisotropic
potentials have become the primary source of information
on potential-energy surfaces.

The number of scientific groups presently carrying out
rigorous nonempirical calculations is more than 15 (or more
than 20 if we include groups using less rigorous methods).
The situation can be illustrated by Table I, which summar-
izes the systems for which calculations have been carried out
on the repulsive anisotropic potentials at energies <10 eV,
with the results frequently in the form of expansions in
spherical harmonics. In addition to the systems listed in Ta-
ble I there have been reports of calculations of the potential
surfaces for the following systems (among others): He-H,O,
He-SiO, He-OCS, Ar-OCS, H,-OCS, H,-Hcl, H,~CS, H,-
OH, and Ar-CS,. Even in the rigorous quantum-chemistry
approaches, additional assumptions must unavoidably be
used in order to achieve final results of the desired accuracy.
Itis usually not possible to give a quantitative estimate of the
error resulting from these assumptions, so that the validity
of the assumptions must be tested independently.

This assertion is particularly pertinent to the approxi-
mate approaches, e.g., the model of an electron gas, which
has been adopted widely.! A basic assumption in this mod-
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TABLE I. Summary of theoretical results on the energies of anisotropic interactions

System Distance range, A Energy region, eV; Refer-
’ representation used ence
a) Molecular systems
H,—H, 0,8<R<3,6, rSre |V<10, analytic n
H,—CO 2<R<5,rS$re V << 2,5, graphical, analytic 12, 18
H, —CO, 0,8<<R<C3, r=re V <5, spline, tabular 14
HF — HF 1<R<<33, r=re V < 15, tabular, analytic 16
N,—N, 1,5<R<46, r=re |V <10, analytic 18
H,0 —CH, R<55, r=re V<1, analytic 1
CH,; —CH, 286 <<R<<52, r=rg V<1, analytic 18
b) Atomic-molecular systems
H—H, 00<R<2r § re V < 10, tabular, graphic 1
H—-CO 16 <<R <45, r=re V< 1,5 tabular 20
He—H, 0,7 <<R <10, r § re |V <102, analytic 21, 22, 23
He—HF 2<R<4 rS$re V < 0,5, tabular 2
He—LiH 1,5 <<R<<4,5, r=re V < 25, analytic 28
He —N, 1,0<R<<25, r=re V <5, analytic 28
He—CO 1,5<R<S8,r § re V < 15, analytic, tabular 27, 28
He—HCI 15<<R <44, r=re |V <3, tabular 9
He —HCN 1,T<R<C4,5, r=re V <3, tabular 3
He—CO, 1,8 <R <<4,5, r=re |V <15, analytic 31, 32
He — NH, 16<<R<<48, r=re V<8, tabular 33, 34
He—H,CO 1,5<<R <35 r=re |V <5, tabular 35
He—H, 1<<R<<10, r=re V <5, tabular 38
Ne—H, 1,2<R<32,rSre |V<5, analytic ¥
Ne —CO, 1,95 <R <<3,5, r<re | V<1, analytic 38, 39
Ar—H, 0,8<R<33,r § e V << 102, analytic 10
Ar—CO 13<R<<4,6, r=re V < 25, analytic 41
Ar—N, 0,5<R<<8, r=re V < 102, tabular 42
Ar—NO 1,9<R<<4,6, r=r¢ V < 10, analytic 43
Ar—CQ, 1,8<<R<C4,6, r=re¢ V<< 15, analytic 4
Ar—HF 2<R<5 rSre V <3, tabular 2
Ar —HCl 2,4<<R<<4,6, r=re¢ V <5, tabular 46
O (3P, 1D) —1H, 03RS, r>=re V << 3, tabular 46
Li—H, 1<R<4rSre V<10, analytic e
He —Na, 25 <R<<10, r=re V< 1,5, analytic, graphical a8
c) Ion-molecule systems

H*—1H, O<R<S5,r$re V< 29, analytic 1
Li*—H, 1<R<6,rSre V<15, analytic B0
Li*—N, 15<R<10, r$re  |V<5, analytic 51, 62
Li*—CO 1,5<R<10, r § re |V <5, analytic 51, 52
H*—CO 0 9<R<T7,r$re V <10, analytic 5
Li* (K*, Na*)—H,0 | 1,5 < R <5, r=re V<3, analytic 54, 55
He — N, H* 1,8<R<65 r=re |V<10, tabular 86

el—and the most vulnerable assumption—is that the elec-
tron density of the quasimolecule, p{(ABC), is a linear super-
position of p(AB) and p(C), i.e., the assumption that the
electron densities are additive. Over the past few years the
electron-gas model has been used to calculate potential-en-
ergy surfaces for most of the systems listed in Table I, and we
see nothing on the horizon which would prevent a further
lengthening of this list. However, in connection with these
approximations, both in the rigorous approaches and in the
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electron-gas model, there is the problem of experimentally
testing the reliability of the predictions and possible experi-
mentally based empirical corrections of the approximations
(primarily, the approximations of the electron-gas model).

The need for such a test is further motivation for the
development of research on high-energy scattering.

In this review we focus on topics @ and b in the second
paragraph of this review. We will not discuss the collisional
spectroscopy of nonadiabatic transitions.
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FIG. 2. Characteristic curve of the reduced differential cross section
p = a{f)8% regions in which the basic effects of small-angle high-energy
scattering are manifested.

2. EXPERIMENTAL METHODS FOR STUDYING HIGH-
ENERGY SCATTERING

Since the terms ‘“high energy,” *“fast beam,” etc., are
quite arbitrary and frequently provoke subjective associ-
ations, we will use the diagram in Fig. 2 to eliminate this
arbitrariness. In this diagram the “‘half-plane” of values of
the reduced angle 7 ( = E6, where E is the collision energy,
and 0 is the deflection angle in the laboratory coordinate
system) and of the reduced cross section p ( = 082, where o is
the differential cross section for scattering through an angle
6) is partitioned into overlapping regions in which specific
features of high-energy scattering are manifested. These re-
gions are basically the regions which are the subjects of the
discussion below. For the conditions in high-energy scatter-
ing we can use the estimate 7~ 2V (b ), where b is the impact
parameter, so that the quantity 7 specifies the energy of the
interaction which causes a scattering of particles through an
angle & in the laboratory coordinate system. It can be seen
from this diagram that for the typical case of a beam with an
energy of 1 keV the typical high-energy scattering angles lie
in the range 107-10".

The reason for the upper limit on the reduced high-
energy scattering angles is that at larger angles inelastic elec-
tronic transitions become comparable to the elastic transi-
tions in the measured scattering cross sections, and the
scattering pattern which is observed cannot be interpreted
exclusively in terms of one or two intersecting potential-en-
ergy surfaces. We might also note that the requirement that
the potential-energy surface be unique on the incoming part
of the trajectory restricts the study to systems in which the
partners have closed electronic shells. The method of high-
energy scattering has several advantages for studying the
repulsive branch of the potential-energy surface:

1. It is much simpler to produce and detect neutral
beams with high energies than with superthermal energies
(R1eV).

2. The theory of scattering is immeasurably more trans-
parent and amenable to numerical calculations in the high-
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energy approximation than at subthermal energies.

3. In high-energy scattering it is simple to achieve ap-
proach distances at which electronic terms undergo a quasi-
crossing and the transition probabilities are high.

Analysis of the development of research on high-energy
scattering reveals several methodological approaches.

The method of integral cross sections can be regarded as
historically the first of these approaches. This approach in-
volves measuring the relative intensity of a beam transmitted
through a target. The methods for these measurements,
which were begun back in the 1940s (Ref. 57), are described
in Refs. 58 and 59. They are widely used to determine the
short-range potentials of atomic, atom-molecule, and ion-
molecule systems.®*%! The method of integral cross sections
has two modifications. Under realistic experimental condi-
tions (the beam, the collision volume, and the detector aper-
ture all have finite dimensions) the flux density of the scat-
tered particles can be resolved into two components,
according to Kush®: those particles which are scattered and
which are removed from the beam detected by the detector
and those particles which undergo interactions but remain
within the aperture of the detector. The two modifications of
the method of integral cross sections involve measurements
of both of these components { — and + ). In the latter case,
the particles which have and which have not undergone
collisions are distinguished in measurements of the integral
cross sections for inelastic transitions by making use of the
fact that the inelastically scattered particles acquire an effec-
tive “tag” in the form of a change in kinetic energy as a result
of the inelastic transition.

The corresponding measured cross sections are de-
scribed by

Q- (E)= SIIOL —2n So(e)[i—fo(e)] sin0do,  (3)
(N
0" (E) = 3110; =21 | 0.(0) /4 (6) sin 0 do, (3')

[CH]

where Q% is the integral cross section, I is the intensity of
the unscattered beam, A7 ~ is the intensity of particles lost
from the beam (A7 * is the intensity of the particles which
remain within the detector aperture), {8 ) is the differential
cross section for the process in the laboratory coordinate
system, f,(6 ) is the instrumental function,® and L and 7 are
the length and density of the scattering target. Under condi-
tions of high-energy scattering the ratio of the total and inte-
gral cross sections (Q /Q ¥ ) can vary from 1 to 3 in different
experiments. This variation complicates a direct comparison
of the theoretical total cross sections with the measured inte-
gral cross sections.

The various types of apparatus for measuring integral
scattering cross sections have been described in several
places,®%* and we will not discuss them further here. We
simply note that in the case of ion-molecule systems the de-
velopment of experimental facilities has taken the path of a
significant expansion of the energy range (which now
stretches from a few electron volts to a thousand electron
volts)®>%® and an improvement in the resolution of the ener-
gy analysis. The best characteristics which have been
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FIG. 3. Apparatus for measuring the integral cross sections Q *(E) of
collisional molecular transitions through an energy analysis of a beam of
Li* ions passed through the collision chamber.®” Shown at the upper left
is the jon source, with a monochromator selector (rotated 90° with respect
to the main diagram). SEA—Spherical electrostatic analyzer; SEM—sec-
ondary electron multiplier for detecting the beam; AL, RL—accelerating
and retarding Lindholm lenses; SC—scattering chamber; RP—rotating
platform for adjustment; MD—mechanical drive; VL—vacuum line;
IS—ion source; I0—ion optics.

achieved to date are those of the apparatus described in Ref.
67 for measuring the cross sections Q *(E, Aj, Av) of colli-
sional transitions between distinct states.

This apparatus is shown schematically in Fig. 1. The
basic idea is to measure the intensity of a beam of ions (pri-
marily Li*) with a given collisional energy loss. Collisional
rotational transitions of H, and CO, molecules®® and vibra-
tional transitions of N,, O,, CO, and other molecules®® have
been studied.

The use of spherical electrostatic energy analyzers in
the apparatus shown in Fig. 3 has made it possible to achieve
a record high effective resolution. In order to achieve good
resolution it is necessary not only to have a high-quality ana-
lyzer for the scattered particles but also to have a scattered
beam with a very narrow energy spread. These problems are
solved by using identical spherical electrostatic analyzers to
study the incident beam and to study the beam passed
through the target (Fig. 3).

For beams with energies E<200 eV, a resolution no
worse than 10 meV has been achieved in this manner. This
high resolution (the relative energy resolution of the selector
for anenergy E = 3 eV was AE /E = 1/300) was achieved by
first retarding the beam to be analyzed to 3 eV in a retarding
electrostatic lens (Fig. 3). The resolution which was achieved
made it possible to determine reliably the loss due to colli-
sional excitation and decay of molecular degrees of freedom,
e.g., to measure the cross section Q * for particular transi-
tions ( j — j + 2 of molecular hydrogen).

In other studies which have used an energy analysis of
ions and neutral particles of a beam,”®”" the resolution has
been substantially worse, and for beams with £~ 1 keV only
the loss due to vibrational transitions in the H, molecule and
due to electronic transitions has been detected.

In evaluating the prospect for the use of the method of
integral cross sections we can say that it is an attractive
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FIG. 4. Results of research on scattering in the N,~N, system. a: Integral
cross sections Q ~(E). Solid line—Experimental; circles—calculated on
the basis of an additive potential which gives the best fit of the experimen-
tal data (the diameter of the circle is 1%). b: Differential scattering. Solid
line—experimental; dashed line—calculated with the potential which
gives the best fit of the integral cross sections. It is obvious that the differ-
ential measurements are more sensitive to the particular features in the
behavior of the potential.

method for measuring the cross sections of transitions which
involve a fixed change in the quantum states of the molecules
(Q *), asin Refs. 67 and 72. The use of the method of integral
cross sections to study short-range interatomic forces does
not seem justified since measurements have shown that the
experimental dependence Q ~(E ) is only slightly sensitive to
the actual potential profile, especially in the case of molecu-
lar systems. The situation is illustrated by Fig. 4, which com-
pares measurements and calculations of the integral cross
sectionQ ~(E ) and of the angular distribution of the intensity
of scattered particles, I (@), for the case of the N,-N, sys-
tem.”® We see from Fig. 4 that an additive potential of the
exponential type, which gives a good description of the mea-
surements of Q ~(E ), is totally incapable of reproducing the
pattern of the differential angular scattering. This example,
which is not an exceptional case, detracts significantly from
the method of integral cross sections Q ~(E ) even at the mea-
surement accuracy which has been achieved (1-3%). Never-
theless, measurements of this type continue to be carried out
for systems including ions and atoms of inert gases.”® The
limitations of the method of integral cross sections can be
overcome by switching to the study of differential cross sec-
tions through measurements of the angular distribution of
theintensity of scattered particles, I (@), detected by scanning
the detector over an angular intervala = 1073-10""rad. In
actual measurements, the detector in angular position & will
collect particles scattered through some interval of angles 6.

Figure 5 shows the basic arrangement of an apparatus
for differential angular measurements. The measured inten-
sity of scattered particles is related to the cross section by the
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FIG. 5. Schematic arrangement of an apparatus for measuring total inte-
gral and differential cross sections for small-angle scattering. The scat-
tered intensities A /7 * measured by a fixed detector and the intensity 7 (a)
of the scattered particles detected by a scanning detector in angular posi-
tion « are related to the cross sections by Egs. (3}, (3’), and (3”). BS—
Source of fast neutral beam; SC—scattering chamber; D—detector; S—
drive of system for scanning the detector with respect to the beam axis.
The basic components of the apparatus are monitored and controlled by a
computer. The computer is coupled to the apparatus through CAMAC
apparatus. The computer also performs an initial data processing.”>'?

simple expression

[()y=% 5 S 0 (8) f, (8) sin 8 d6 dQ,
® (D

{37)

where Z is an experimental constant, and f,, (6 ) is an instru-
mental function for the detector in angular position a—a
measure of the efficiency at which the particles scattered
through the angle 8 are collected. The integration over
corresponds to an average over the spatial orientations of the
unoriented molecules in the course of the measurements of
the cross sections. The width (& ) of the instrumental func-
tion, which is bell-shaped,’® ranges upward from a few mil-
liradians for different pieces of apparatus. This width and,
correspondingly, the extent to which the cross sections are
averaged in expression (3”) are governed by purely geometric
factors (the beam width and the magnitude of the detector
aperture). At present the best hope for improving the angu-
lar resolution of these measurements is to use position-sensi-
tive detectors made from microchannel plates,”® which will
make it possible to avoid the scanning and (by virtue of the
collection of all the scattered particles) will make it possible
to speed up the measurements dramatically. An angular re-
solution as good as 107* rad may be achieved. Detailed de-
scriptions of various systems of position-sensitive detectors
can be found in Refs. 77 and 78. Below we will discuss some
results of the measurements which illustrate the actual capa-
bility of resolving with their aid the diffraction structure of
the differential scattering cross section. The layout of one of
thefirst pieces of apparatus for studying high-energy scatter-
ing in the diffraction region was discussed in Ref. 79. There
have been several recent reports®®-®? of the use of position-
sensitive detectors in research on high-energy scattering.

A natural direction for progress in research on high-
energy scattering is to take up measurements of double (an-
gle-energyj differential cross sections. In the case of neutral
beams, such measurements could be carried out by an appa-
ratus which performs a time-of-flight analysis of the energy
loss (AE) of the particles of the scattered beam. For ions,
electrostatic analyzers could be used.®*®

The apparatus shown schematically in Fig. 6 appears to
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FIG. 6. Apparatus for measuring double differential scattering cross sec-
tions.®* a: IS—Ion source; I0—ion-optics system for formation and mass
selection of the beam; RL and AL—retarding and accelerating electro-
static lenses; ES—electrostatic energy selector for the initial beam; EA—
scattered-beam energy analyzer; T—target, CM—channel multiplier for
detecting the particles; FC—Faraday cup. b: The detection system, rotat-
ed 90° with respect to part a of this figure. CM1—Channel multiplier
which detects the neutral products of the collisions; CM2—channel mul-
tiplier which detects the ion products.

have the best possibilities among the various systems de-
scribed in Refs. 83-85. Here a spherical electrostatic selector
is used to reduce the energy spread of a primary ion beam
extracted from a discharge source. The nominal transmis-
sion energy of the selector is 20 eV, and it correspondingly
uses a preliminary retardation followed by an acceleration of
the selected ions. This approach has reduced the energy
spread to no more than 80 meV. An energy analysis of the
collision products is carried out with a 127° electrostatic ana-
lyzer. Dowek ez al.®* state that their apparatus has a working
range of 50~1000 eV in terms of the analyzed energy, but the
degradation of the resolution at energies above 200 eV
causes a serious blurring of the structure in the loss spectrum
due to vibrational transitions. For this reason, most of the
measurements which have been carried out have dealt with
losses due not to molecular transitions but to electronic tran-
sitions, in which case the resolution AE ~ 1 eV makes it pos-
sible to distinguish reliably effects of a transition to excited
electronic states.

It should be noted that the method of angular measure-
ments of the loss is in an early stage of development, and only
the loss due to electronic excitation of the partners (AER 1
eV) can be resolved reliably. Measurements of the double
(angle-energy) differential cross sections are complicated by
the circumstance that it is necessary to attain high resolution
in both of the properties being analyzed—the angle and the
energy—while maintaining an adequate signal level. For a
beam with an energy of 1 keV, for example, detection of the
vibrational structure in the loss spectrum requires a resolu-
tion AZ /E of about 10 ~*, which is beyond the capabilities of
the time-of-flight method at its present level of sophistica-
tion, and is attainable only for the best electrostatic analyz-
ers in the case of ions.

These difficulties in attaining the necessary resolution,
which have not yet been overcome, are part of the explana-
tion for the appearance of several studies of quasielastic scat-
tering. In these studies, the angular dependence of the spec-
trum of the total energy loss (the loss due to elastic scattering
and that due to molecular excitation) of fast particles is mea-
sured. %687
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This discussion of the experimental approaches and the
results of a theoretical analysis®® indicate that any substan-
tial further progress in research on short-range forces will
require measurements of the differential cross sections for
transitions between distinct levels. Experiments by Bergman
et al.*® in the thermal energy region, by laser fluorescence,
have shown that it is possible to carry out such measure-
ments and that they are highly sensitive. Measurements of
the differential cross sections for rotational transitions are
based on the use of laser pumping of the population—a de-
pletion of a selected level—for molecules in the incident
beam, followed by detection of the stimulated fluorescence
from the same level, populated by collisions involving scat-
tering through a given angle (the double-resonance method).
It has been possible to detect the signal produced by a few
hundred Na, molecules (the corresponding number density
in the flux of scattered particles is n ~5 - 10 cm—3). Similar
results with respect to detection sensitivity (n~ 10°-10*
cm™3) have been achieved for NO. In view of the densities
which can be achieved in experiments with high-energy
beams, we can expect that corresponding measurements for
high-energy scattering will also be successful. The first prac-
tical attempt to use the method of induced fluorescence in
high-energy scattering was in the experiments of Ref. 90,
carried out to determine the rotational-vibrational popula-
tion both in a beam and in the products of the resonant
charge exchange of N, . In these experiments, the energy of
the N, ions in the beam was 800 eV, and this beam was
collinear with the light beam from a tunable (pulsed) laser.
An important methodological achievement was the reliable
detection of a fluorescence signal at a ratio of 10'® of the
fluxes of primary exciting photons and secondary photons.
The signal-to-noise ratio achieved under these conditions
makes the outlook for further efforts look promising, al-
though it is clear that the times required to build up the
signal in experiments of this sort will unavoidably be long.
Use of the laser-fluorescence method requires satisfaction of
the following conditions: The molecule must have excited
terms to which the molecule can be excited by the light from
the tunable lasers available; the lifetime of the excited state
must be short enough for convenience in localizing the emis-
sion point; finally, the spectroscopic information on the flu-
orescing molecule must be sufficient for a reliable character-
ization of the transitions. These conditions are met by, for
example, the molecules Na,, NO, and (in part) SO,, which
are candidates for study in future experiments. Figure 7 is a
schematic diagram of a possible apparatus for measurements
of the cross sections of v/ — v/’ transitions accompanying
high-energy scattering. Here S is the source of the monoen-
ergetic fast beam of molecules, which is passed through scat-
tering chamber SC; PuL is the pump laser, which depletes
the vibrational-rotational level selected for the measure-
ments; PrL is the probe laser used to determine the change in
the population of the pumping level caused by collisions; M
is a mirror which collects the photons of the fluorescence
caused by the probing laser; PM is a photomultiplier; and
PSD is a position-sensitive detector which operates in a par-
ticle-(fluorescence photon) coincidence circuit. A unit which
selects such coincidences (PPC } makes it possible to measure
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computer

FIG. 7. Arrangement for a possible laser experiment to measure the differ-
ential cross section for transitions between distinct vibrational-rotational
states. S—Source of fast beam; SC—collision chamber; PrL and PuL—
Probing and pumping lasers; M—mirror for collecting fluorescence pho-
tons; PM—photomultiplier; PSD-—position-sensitive detector; CCU—
coordinate calculation unit; PPC—unit for selecting coincidences of a
photon with a fast particle; the computer is a control microcomputer.

the cross sections corresponding to transitions to the pump-
ing level, i.e., to measure g{Av, Aj, #) under conditions of
high-energy scattering.

It is attractive to use the double-resonance method in
experiments on high-energy scattering, but in the version of
the bombardment of a fast beam which we have discussed
here the fluorescence signal may turn out to be extremely
low because of the low densities and a possibly high rota-
tional temperature of the beam molecules. Perhaps more en-
couraging is a version in which the steady-state target is re-
placed by a target consisting of a second intersecting beam.
The beam of target molecules can be bombarded by pumping
and probing lasers, and the photons of the stimulated flu-
orescence can be detected in coincidence with the arrival of
scattered fast particles at the position-sensitive detector.

By scanning with a laser over the absorption band of the
molecules under study one can extract information on tran-
sitions between various levels; this would be an extremely
informative experiment, and it is a desirable development.

The arsenal of new experimental facilities for studying
high-energy scattering thus includes methods of differential
scattering (in particular, in the diffraction region), measure-
ments of the energy-loss spectrum, and, finally, the promise
of experiments using laser fluorescence.

3. THEORETICAL ASPECTS OF RESEARCH ON
ANISOTROPIC INTERACTIONS

a) The problem of an analytic description of anisotropic
potentlal-energy surfaces

In the case of isotropic scattering, even a Lennard-Jones
potential will allow a qualitative study of essentially all the
features of the scattering. For an anisotropic interaction, on
the other hand, we do not yet have a reasonably comprehen-
sive potential with anything in the way of a solid basis, and in
practice we use either very simple models or analytic ap-
proximations of nonempirical energy calculations. To find
such analytic approximations, however, is frequently quite
difficult in the repulsive region. For example, an attempt* to
find an analytic description of interaction energies calculat-
ed for 1052 relative positions of H, and CO, molecules
proved unsuccessful, and in Ref. 16 it was not possible to
choose an analytic representation for the anisotropic inter-
action potential of the N,—N, system.
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Two types of coordinate systems are used to analyze the
interactions of molecules; a spatial coordinate system and a
coordinate system moving with a molecule.®’ In nonempiri-
cal calculations of interaction energies, which are always
carried out for a discrete set of configurations, it turns out to
be more compact to use the system which is moving with the
molecule, while dynamic calculations are carried out more
conveniently in a spatial coordinate system.

The most common representation for the potential-en-
ergy surface of the interaction of an atom with a linear mole-
cule is in the molecular coordinate system, with an expan-
sion of the angular dependence in Legendre polynomials:

L
VR, T, 'Y)::] Vi(R, T)Pl (COS"),)) COS"":RI‘, (4)
=0

wherer is the radius vector of the internuclear distance in the
molecule. The studies are frequently limited to the model of
an oscillating rotator in which the expansion of V;(R, r} in
q = r — r, iscut off at second-order terms (r, is the equilibri-
um internuclear distance).

The dependence of the potential-energy surface on the
internal coordinates has been analyzed in most detail for the
LI*-N, case in arecent paper by Pfeffer and Secrest.’? They
proposed an analytic approximation for the set of interaction
energies calculated by Staemler®' for the Li*-N, system,
including a calculation of the dependence of ¥, (R, r) on the
internal coordinate g.

In some cases, the analyses of effects associated with
collisional vibrational transitions are restricted to terms
with / = 0. This approximation is called the model of a
“breathing” or “pulsating”” sphere. The quantitative depen-
dence of the potential-energy surface on the internal coordi-
nate ¢ has not received the attention it deserves (as can be
seen from Table I above). It is this dependence®® which, ac-
cording to our understanding, determines the vibrational
rainbow which we will be discussing below.

In the case of interaction of complex molecules, the de-
scription of the potential-energy surface becomes extremely
complicated, as can be seen from the case of two linear mole-
cules, characterized by orientations ,, {y,, ¢} in the
spatial coordinate system.

The potential function ¥ (R, §2,, ,) can be expanded®?
in a series in orthogonal polynomials in the space },€,, and
for linear molecules this series is usually chosen as a product
of spherical harmonics, Y, (2,) and ¥;. _ . ().

We thus write

VR, Q Q)= lE, Virm (B) Y1 (Q0) Y, 0 (). (5)

The coefficients ¥, (R ) for the function V' (R, 02,, Q,) are
calculated from

Vi (B)= | { V(R, 2, ©) Yin(Q) Y1, _n(@,) 42, d0,.

(6)

This expansion is of practical interest only if it can be cut off
after a few terms.

In the simplest approximation, the energy of the inter-

action between two molecules can be written as the sum of
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contributions from binary interatomic interactions—this is
the type of empirical surface which corresponds to the model
of an additive interaction. The additive model is used ex-
tremely widely for describing the interactions of polyatomic
systems. It is assumed that a force center (which does not
necessarily coincide with the atom) can be associated with
each of the atoms of the system, and the interaction energy,
e.g., for a system of diatomic molecules AB-CD, is written
in the form

V (R, rany rep, 9= TV (Ryy); Y]
here R is the distance between the centers of gravity of the
molecules, (2 is the set of angular variables describing the
relative orientation of the molecules, 7,5 and rop, are the
internuclear distances in the molecules, and R; is the dis-
tance between the force centers of the different molecules. In
the case of a repulsive interaction, V(R } is usually approxi-
mated by a power law®® or an exponential law,”® and the
values of the parameters are chosen on the basis of calcula-
tions of some measurable quantity [e.g., the integral cross
section @ ~(E ), which depends on the potential]. The relative
simplicity and attractiveness of the additive model for calcu-
lating scattering patterns stem from the elimination of the
specific angular dependence from the potential-energy sur-
face. It is necessary only to postulate the positions of the
force centers in the interacting molecules.

Since the additive model is empirical in nature, there is
essentially no experimental way to test it. However, in those
cases where there are independent and reliable calculations
of interaction energies for various configurations, these re-
sults can be compared with the predictions of the additive
model. This comparison was carried out for the H,—H, sys-
tem by McMahan et al.,** who found that the additive model
gives an incorrect value of the ratio of the energies of differ-
ent configurations; in comparison with the calculations, it
seriously overestimates the ratio (5 instead of 2) of the ener-
gies of the linear and T-shaped configurations in the case in
which the four centers coincide with the H atoms. If the
distance between the four centers, r, is treated as an addi-
tional parameter of the model, then it is possible to reduce
this discrepancy by reducing this distance with respect to the
equilibrium distance 7, .

Yet another “refinement” of the additive model in-
volved an attempt® to introduce an additional nonadditive
component in expression (7); this new component would de-
pend only on R. In a recent paper? on a nonempirical calcu-
lation of the potential-energy surface for the He—H, system
at approach distances R ~r,, Russek and Ramiro Garcia®®
offered qualitative arguments in favor of this modification of
the additive model. Their arguments, however, are seriously
weakened by the fact that the modified potential-energy sur-
face proposed in Ref. 23 fails to describe the differential-
scattering pattern studied in Ref. 95.

b) Theoretical models for high-energy atom-molecule
scattering

Direct quantum-mechanical solutions of the scattering
problem are frequently difficult even for atom-atom sys-
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tems. When the scattering involves molecules, there are, as
yet, simply no alternatives to an approximate description.
Let us examine the approximations which are being dis-
cussed in connection with the description of high-energy
scattering.

1} Classical approximation. This is the most accessible
analysis method, which is applicable to scattering through
angles greater than the angle which bounds the zone of dif-
fraction scattering and also to the multiquantum energy loss
of molecules caused by collisions. The first step in this ap-
proximation is to calculate the trajectories®® corresponding
to fixed initial states of the molecule. The differential cross
section is then found with respect to these states, and it is
averaged over the set of initial states (usually by a Monte-
Carlo method). These calculations are laborious, and it is
customary to resort to further simplifications in the case of
high-energy scattering. The first simplification is the ap-
proximation of rectilinear trajectories; the second is the ap-
proximation that the orientation and internuclear distance
of the molecules are frozen during the collision.

The basic result of the numerical analysis of Ref. 96 of

the effect of an anisotropy of the potential-energy surface in
the classical approximation was the demonstration that the
differential cross section averaged over the spatial orienta-
tions of the molecule is relatively insensitive to the anisotro-
py-

2) Approximation of sudden perturbations. This is the
most popular quantum-mechanical approximation in the
description of high-energy scattering.®” In this approxima-
tion it is assumed that a molecule with a nonstationary initial
state corresponding to a dumbbell in a rigid spatial orienta-
tion is scattered elastically. The decay time of this state is
assumed to exceed the collision time. We denote by fr,
k — k') the amplitude for this elastic scattering by an aniso-
tropic potential, by r the vector internuclear distance of the
molecule, and by k and k' the initial and final wave vectors
(k| = |k’|). The cross section for a transition between sta-
tionary states with given quantum numbers, vyjm — v'm’, is
then given by

’
0\'jm—ov’j'm’ (k - k )

[ Wm0 100 k> K) vy () [ (8)

In this approximation, the differential cross section aver-
aged over the final states, 0., (k — k'), is

Oyjm(k > k') = D) Ovjmavim (k >k’)

v i m’
=11 kK ar i, )

where ¢, (r) is the wave function of vibrational state v (in the
approximation of an oscillating rotator) and is independent
of the initial rotational state jm and of the change in r in the
course of the collision. In addition, the ratio of the total cross
sections for the rotational transitions, £ ¥/, is independent of
the energy:

Aj_ Q*(E, ] — j+4)

PTQNE T A

= const. (10)
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From the mathematical standpoint, the use of the approxi-
mation of sudden perturbations in the initial formulation
reduces to the evaluation of multi-dimensional integrals of
oscillatory functions—a problem which is overly time-con-
suming even for advanced computers. In practice, therefore,
the so-called “approximation of sudden perturbations of in-
finite order” is used in the thermal energy range. In this
approximation, the angle between the atom-molecule vector
R and the axis of the molecule, r, is assumed to remain fixed
during the collision. In this case, f(r, k — k') is calculated
for an isotropic potential which depends parametrically on
the angle.

Arguments have been raised against the use of the ap-
proximation of sudden perturbations for describing high-
energy scattering.

3) Semiclassical approximations. The need to incorpo-
rate quantum effects in the analysis of inelastic rotational-
vibrational transitions between low-lying quantum states
has led to the development of a variety of semiclassical ap-
proximations. Apparently the most systematic of these ap-
proximations is the semiclassical scattering theory which
uses action angle variables.®® In this approach, the intramo-
lecular motion in the course of the collision is taken into
account, and it is possible in principle to incorporate both
strong perturbations of the intramolecular motions on the
trajectory and the effect on the dynamics. So far, however,
the practical applications of this theory have used several
simplifications, one being that the dynamic scattering pat-
tern is assumed to be independent of the perturbation of the
intramolecular motions of the projectile particle. The same
limitation is inherent in the time-varying theories'® in
which the dynamic picture of the motion is calculated classi-
cally and without regard to the intramolecular motions, and
then exact quantum-mechanical calculations are carried out
on the evolution of the intramolecular states along the classi-
cal trajectory that has been obtained. Attempts are being
made to incorporate in these models the inverse effect of the
intramolecular motions on the scattering dynamics.'®!

4) Distorted-wave approximation. Measurements have
shown (see Refs. 67 and 103, for example) that the differen-
tial cross sections for elastic scattering are substantially larg-
er than those for inelastic transitions at small angles. It thus
becomes possible to use (at least for a qualitative analysis) the
distorted-wave approximation, in which the probability for
achange in the initial state of the molecule n{v, j, m}, during
the collision is assumed to be small. The first step is then to
solve the problem for elastic scattering by a potential

Vnn (R) = (wn (l‘) I 14 (R1 l‘) I‘pn (l‘)) (11)

and to find the wave function for the elastic channel, x, (R ).
The scattering amplitude for inelastic transitions is deter-
mined by the integral

Frww (ki = k) = —4

S e—ik’"’RVn'n’ (R) Ko (R) dR, (12)

wherek, and k, are the wave vectors of the initial and final
channels, and V,,, (R) are the matrix elements of the transi-
tions between states » and n’. The methodological difficulty
of the distorted-wave approximation is in choosing the ini-
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tial state, since the elastic channel includes states with var-
ious projections (m) onto the quantization axis. It has been
suggested®® that as n we choose states vjm with quantization
axis coinciding with the direction of the wave vector of the
particle before the collision. In this case the entire problem
of finding the transition amplitudes reduces to one of evalu-
ating one-dimensional integrals. The cross section for de-
polarization (a change in m) for scattering through suffi-
ciently small angles is small in this model.
In this version of the distorted-wave approximation,
&% is independent of E only in the limit £ — «. Important
to an understanding of the sensitivity of the differential cross
sections for the transitions to the shape of the potential-ener-
gy surface is an analysis of the matrix elements V,, (R),
which determine which components of the potential-energy
surface contribute substantially to the cross section under
consideration, o, _, - (k, — k..). The results of this analysis
which apply to the oscillating-rotator model are as follows.
In the basis selected, the matrix elements are symmetric un-
der rotation around the wave vector k,.: V,,(R)=V,, (R,
Rk, ). In the semiclassical approximation we find an analog
of the Moliere formula for the differential cross section for
elastic scattering. The cross sections for rotational transi-
tions are described by
Oy iy Ol
+oo0

] L
[ T o {15 no (i)
0 —o0 I=0 '

X VY (V ZLF)

x exp (iakz — 5 Vimosim dz')] dz} db 2

-0

s (13)

where M=m —m', Ak=k(B/2E ., ) (] =) (1 +j+j)
the A, are the coefficients in the expansion of ¥, in Le-
gendre polynomials, u is the reduced mass of the molecule, b
is the impact parameter, z is the coordinate of the transla-
tional motion of the atom, and B is the rotational constant.
The subscript ‘““c.m.” means that the quantity refers to the
center-of-mass system. For most molecules, B is small
(~107*eV), and the phase shift (Akz) over a distance of the
order of the effective range of the potential is small. The only
case in which this quantity is not small is that of hydrogen-
like molecules in highly excited states (Akz is not small for
vibrational transitions and must be taken into account). In
most cases, therefore, we can assume Ak =0 for rotational
transitions. For j, > L, the coefficients 4, in (13) then de-
pend only on the parameter 7 = m/(j+ 0.5) and the
changes in quantum numbers Aj and Am. In this case we
have

Ovjm-v’j'm’ (ec.m. ) = 0‘1\{‘ aj, am (ec.m.) .

(14)

We also note that the selection rule |Am| </ and the
factorJ,,, (kb6, ., )in (13)lead to a relatively small change in
m during the collision, since for Am 70 we have J,,, (x) = 0
as x — 0 (small-angle scattering).

It follows that for v00 — vjm transitions we would have
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m =0 for the bulk of the scattered particles; i.e., the scat-
tered flux would be polarized.

It follows that in the region in which the distorted-wave
approximation is valid the differential cross sections for ro-
tational transitions are the most convenient source of infor-
mation on the anisotropy of the potential-energy surface,
since scattering involving a change Aj in j is determined ex-
clusively by the effective potential ¥,,, (found from data on
elastic scattering) and the /-th component (/ = Aj) of the ex-
pansion of the potential-energy suface in Legendre polyno-
mials. Attempts to extract information on the anisotropy of
the potential energy surface exclusively from data on elastic
scattering will fail even in the case of a pronounced anisotro-
Py, as numerical calculations have shown.*®

Transitions involving a change in the vibrational num-
ber v introduced a new feature: The anisotropic components
of the expansion of the potential-energy surface in (r — r. )’
in the oscillating-rotator approximation are determined by
rotational-vibrational transitions with |Av| = p.

In summary, it may be said that the approximations
which have been developed lead to a qualitative interpreta-
tion of the entire spectrum of phenomena observed in high-
energy scattering. Their quantitative accuracy, on the other
hand, is difficult to judge, so there is a need for the develop-
ment of direct numerical methods for solving the multichan-
nel problem of quantum scattering in this range of collision
energies.

4. SUMMARY OF RESEARCH RESULTS ON HIGH-ENERGY
SCATTERING

a) Elastic and molecular-inelastic scattering

In this section we consider the most important experi-
mental results from research on high-energy scattering in
the reduced-angle interval shown in Fig. 2. Since elastic scat-
tering and molecular-inelastic scattering are most likely in
this range, we would like to compare the results of measure-
ments of the cross sections for these processes.

Theintegral crosssections for elastic scattering, @ ~(E ),
and the cross sections for molecular transitions Q *(E ) were
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FIG. 8. Results of measurements of the integral cross sections in the Li*~
H, system. 1—Elastic scattering,'®® Q ~(E ); 2, 3—molecular transitions;
2—rotations®’; 3—vibrations.*®
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FIG. 9. Ratio of the integral cross sections @ * for rotational excitation
and decay as a function of the collision energy £ according to measure-
ments for the Li*—H), system in the apparatus in Fig. 3. The solid lines are
values corresponding to £y for various values of jj'.

measured in Refs. 67, 68, and 102. Figure 8 shows some
typical results of measurements for the Li*~H, system.

The first conclusion which can be drawn from the data
in Fig. 8 is that the difference in the magnitudes of the cross
sections allows us to ignore the mutual effects of the rota-
tional excitation and vibrational excitation (this conclusion
has been confirmed experimentally for He*-N,; Ref. 84),
and we can also ignore the effect of these excitations on elas-
tic scattering. This specific feature of high-energy scattering
underlies the simplification of the theory for this scattering
which we discussed above. Furthermore, the energy depen-
dence of the partial transition cross sections might in princi-
ple be used to solve the inverse problem. The difficulties
which arise here are consequences of the still imperfect
methods for describing high-energy scattering. The imple-
mentation of these experimental possibilities will provide a
stimulus for the development of a quantitative theory.

Itoh et al.*” have recently measured the partial total
cross sections Q *(E) for rotational transitions with
Aj=2(Aj =) —j for j, j'<5) for Li*—H, collisions in the
beam energy range 50400 eV. They found that for the var-
ious values of j and j’ the values of £ ”’ in (10) are constant for
E>100 eV, agreeing numerically with the value for the Born
limit, £ 5. At E < 100 eV there is a significant deviation from
the Born limit (Fig. 9).

The reason for this deviation can be seen in the version
of the distorted-wave approximation outlined above. In the
basis selected, the expression for the transition cross section
in (13) contains an oscillatory factor exp (iAkz), where
Ak~ (Bu/k) (1 + 2j + Aj).

In the high-energy limit we have Akz — 0, and the fac-
tor degenerates, while ., _, ,;m (@cm.) depends only on
Aj =j — j=— not on the values of j and j' themselves (the
Born limit for j, j»1). Under the condition |AkzR ¢ |»1,
where R4 is the effective range of the potential, the expo-
nential factor obviously leads to a decrease in the ratio of the
cross sections, and we can use the estimate

142 A

B at, TN (15)
For 3 — 5 and 1 — 3 transitions (Fig. 9), expression (15)
yields a value for £ /. which agrees with measurements at
E =50¢eV. At j> 3, the distruption of the “frozen” condi-
tion is manifested at higher energies, and atj = 10, for exam-
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ple, we can expect to see deviations from the Born limit even
at E = 1000 eV. Analogous effects should be observed for
the ratios of the total cross sections of vibrational transi-
tions.

Measurements of the integral cross sections for elastic
scattering in atom-molecule and molecular systems have
been used to determine the parameters of model potentials of
the power-law®® and exponential *° types (for systems includ-
ing molecules the potential has been assumed to be additive).
The results of these studies are summarized in the review of
Ref. 64. In the cases of ion-atom and ion-molecule systems
(alkali ions and inert gas ions™), the integral cross sections
have been measured®'% over a broad energy range, which
has made it possible to span the interval of distances includ-
ing the region of polarization attraction. A more flexible
procedure has been used in some recent studies®® to deter-
mine the potential from experimental data; in this proce-
dure, it is possible to avoid a priori assumptions regarding
the shape of the potential. In this case, a three-parameter
approximation has been used for the dependence 7(b ) of the
reduced deflection angle. These parameter values are then
varied to minimize the difference between the measured and
calculatedintegral cross sections @ ~(E ). Thedeviation func-
tion 7(b) is then inverted directly, and a set of interaction
energies is found for known internuclear distances.

There is a point to be noted in connection with empiri-
cal information on repulsive potentials for systems including
molecules. In the theory of vibrational relaxation (see Ref.
104, for example), the probability for vibrational transitions
is a sensitive function of the steepness of the potential. Con-
sequently, there have been suggestions, dating back many
years, that this characteristic might be determined from the
temperature dependence of relaxation times.'” As it turns
out, however, the steepness of the potential found from the
relaxation data agrees poorly with the results extracted from
scattering data. This contradiction can be explained in part
by the imperfections of the theory for impact excitation. Al-
ternatively, this discrepancy might be attributed to the
crudeness of the models which have been used for the poten-
tial-energy surfaces. These models can be refined by switch-
ing to measurements of the differential cross sections for
elastic and molecular inelastic scattering.

Study of differential scattering in the diffraction region
not only provides a high sensitivity to the fine structure of
the potential but also offers the opportunity to increase sub-
stantially the information content of the experimental data.
In contrast with the classical treatment of high-energy scat-
tering, for quantum scattering the scattering patterns mea-
sured at various energies are not invariant when represented
in terms of reduced angles and cross sections (7= E®f,
p = 00?). Consequently a variation of the beam energy pro-
vides an additional possibility for extracting information on
the potential. That the structure can be resolved has been
shown by recent studies of diffractive scattering with the
help of a position-sensitive detectors.'® Figure 10 shows the
results of these measurements for the Li*-N, system, along
with calculations carried out for the nonempirical potential
of Ref. 51. Comparison of the measured and calculated
curves shows that even the combined effects of instrumental
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FIG. 10. First results of measurements of high-energy diffractive scatter-
ing in the Li*—N, system by means of a position-sensitive detector.?®’
Points—Measurements of Ref. 106; Solid line—calculated from the po-
tential of Ref. 51.

blurring (which can easily be reduced) and of an averaging
over the orientations do not obliterate the diffraction struc-
ture. Furthermore, a comparison reveals a phase shift of the
oscillations for the experimental and theoretical data, which
is unambiguous evidence of a need for refining the theoreti-
cal potential. In a series of special model-based calcula-
tions®® we have seen that the diffraction pattern of high-
energy scattering (the frequency, phase, and amplitude of
the oscillations) is quite sensitive to variations of the poten-
tial. It can thus be asserted that the present level of experi-
mental methods and the development of suitable computa-
tional methods make it extremely promising to study the
diffractive scattering of molecular systems.

The differential-scattering method has recently been
used in very extensive studies of the repulsive interactions in
atom-atom and atom-molecule systems (independent non-
empirical calculations of the interaction energies have been
carried out in parallel). In contrast with the thermal energy
range, however, where the empirical potentials can be deter-
mined to within a few percent, and the results found from
these potentials agree well with nonempirical calculations,
at short and intermediate range the agreement between theo-
retical and experimental data is not as good.

This assertion isillustrated in Fig. 10and alsoin Fig. 11,
for the particular case of the He-He system. For this system,
energy calculations have been carried out in more than ten
studies (see the bibliography in Ref. 107). Figure 11 shows
the experimental angular dependence I (a)a’/Ea for the
scattering of a beam with E = 600 eV in a range of reduced
angles Ea corresponding to the interval of interaction ener-
gies 0.3-8 eV. Also shown here is the calculated functional
dependence for the most reliable theoretical potential.'%® It
can be seen from this comparison that even in this case—one
of the simplest for quantum-chemistry calculations—the
theoretical prediction of the scattering pattern deviates from
the experimental results.

In order to resolve this discrepancy it was necessary to
change the model potential. The empirical modification
which resulted in agreement reduces to the introduction in
the Born-Mayer potential of an additional, quadratic, de-
pendence on the distance'®®: ¥ (R) = dexp( —aR — BR?).
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FIG. 11. Scattering pattern in the He-He system at £ = 600 e¢V. ]| —Mea-
surements {the error bar shows the standard deviation); 2—result of a
convolution of the cross section calculated in the semiclassical approxi-
mation with the selected interaction potential; 3—convolution of the cross
section calculated from the theoretical potential of Ref. 108.

The need for a modification of this type can also be seen in
the other atomic and atom-molecule systems which have
been studied. This modification is an important result,
which absolutely must be taken into account in an analytic
approximation of the results of theoretical calculations of
interaction energies.

When we go from atom-atom to atom-molecule systems
we find that the observed scattering pattern deviates even
more from the pattern predicted on the basis of data from
nonempirical calculations. Some typical experimental re-
sults are summarized in Fig. 12. In these measurements,
along with the deviation of the functional dependence from
that predicted for a simple exponential potential, we see the
appearance of a structure scattering in the form of rainbow-
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FIG. 12. Summary of the results of measurements of the differential scat-
tering of atom-molecule systems.''? Note the rainbow structure, which is
not present in the case of atom-atom systems (see Ref. 11, for example).
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like surges in the region aE>15 eV.rad. The discovery of a
new {nondiffraction) structure in the scattering pattern is of
fundamental importance to the solution of the inverse prob-
lem: that of reconstructing the multidimensional potential-
energy surface from the measured differential cross sections.

Calculations of the high-energy scattering pattern
which have been carried out for the He-H,, H,-H,, Ar-CO,
He-N,, etc., systems''® on the basis of the potential-energy
surfaces (Table I) reveal significant discrepancies between
the measured and calculated behavior. The nature of these
discrepancies forces us to seek other sources of these features
(sources other than imperfections of the radial dependence
of the theoretical potential-energy surfaces). These other
sources are discussed below.

b) The vibrational rainbow in high-energy scattering

Several measurements of the differential scattering of
atom-molecule systems have revealed structural features of
the rainbow type (Fig. 12), which are not found in the corre-
sponding behavior for atom-atom scattering. Until very re-
cently, the interpretation of molecular collisions under con-
ditions of high-energy scattering was based exclusively on
the representation of potential scattering with frozen intra-
molecular motions (r = const). Consequently, when the
structure was found an attempt was first made to link it to
specific features of the potential-energy surfaces themselves.
Since both the classical and quantum-mechanical calcula-
tions”® carried out in the frozen-motion approximation indi-
cate that the anisotropic components of the potential-energy
surface should contribute little to the measured cross sec-
tions, it was assumed'!! that the effect might be due to the
particular radial dependence of the spherically symmetric
part of the overall potential-energy surface. However, it was
quickly found that this assumption is artificial and we®® of-
fered a hypothesis to explain the observed structure. This
hypothesis has the effect resulting from a pronounced per-
turbation of the intramolecular motion on the trajectory and
the inverse influence of the perturbation on the collision dy-
namics. The effect was accordingly termed the “‘vibrational
rainbow” in the high-energy scattering of molecules. The
word “vibrational” emphasizes the fact that the effect stems
primarily not from rotation but from a change in the intra-
molecular distance r, which is equivalent to a vibrational
motion of the molecule. As part of this hypothesis it is as-
sumed that the position of the maximum of the rainbow, 75,
depends on the collision velocity ¥ and on the initial vibra-
tional state of the molecule, v. An experimental test of these
suggestions for the typical system He-N, (Fig. 13) con-
firmed'!>!!* that the position of the rainbow peak, 75 , does
indeed depend on u (rx ~u~!/?), and it revealed that the
peak height decreases with the velocity. In experiments on
scattering in the He—N, system it was found that interchang-
ing the roles of the He and N, changes the observed scatter-
ing pattern. The population of the vibrational levels of N,
molecules in abeam (v> 1) are different from those in a target
(v = 0), since the beam is formed through electron-impact
ionization, followed by a charge exchange of molecular ions.
It is this difference in the vibrational state v of the molecule
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FIG. 13. Results of measurements'" of the differential scattering in the
He-N, system. The reduced intensity / (@)a? is shown as a function of the
reduced angle Ea for the scattering of a He beam in N, (v, = 0) and for the
scattering of an N, beam in He (v 1). The energies of the scattered beams
are(1)3.2keV, (2) 2.4 keV, and (3) 1.2 keV. Also shown here is the position
of the rainbow peak, 7, = Eay (eV-rad), as a function of the collision
velocity u.

which explains the observed difference in scattering patterns
(Fig. 13; it is necessary to compare the N,-He scattering
cross section at £ = 3200 eV with the He-N, cross section
for E = 1200 eV in order to deal with approximately the
same collision velocity).

The experimental velocity dependence of 7y allows us
to reject immediately the possibility of explaining the effect
on the basis of a specific nonmonotonic effective spherically
symmetric potential or a dynamic manifestation of a cross-
ing of quasimolecule terms of the ground and electronically
excited states.

It can thus be concluded from the set of experimental
data (Fig. 13) that the angular dependence 7 (a) is essentially
multidimensional, I = I (a,v,u). This circumstance justifies
the formulation of the problem of reconstructing a multidi-
mensional potential-energy surface.

Following Ref. 115, we qualitatively analyze the vibra-
tional-rainbow effect for the system consisting of an atom
and a homonuclear diatomic molecule within the framework
of classical mechanics. We describe the interaction by the
model of a “breathing” sphere, ¥V (R,r){ = (¥ (R,r}}}in which
the initial surface is averaged over the spatial orientations of
the molecule. We approximate the vibrations of the unper-
turbed molecule by the harmonic law r{t ) = & cos (wt + @)

+ r,, where & = 2(v + 0.5)/u® . In the approximation of
a rectilinear (@ < 1) trajectory, the reduced deflection func-
tion is
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where the change in the internal coordinate r is described by

o S yWETZ,r) (17)

(l)’
7 s M Ul Rl s

{z = ut, p is the reduced mass of the molecule, and u is the
collision velocity). Since the phase @ is not determined for an
oscillator, the measured reduced cross section is an average
over @:

[X]

T

° b
p(r, V= | b5, v, )| 32| do. (18)
0

We then have the standard formal condition for the appear-
ance of a rainbow [i.e., the condition that p(7, v) becomes
infinite at 7 = ¢ ],

at —0,
3 lo—og, sty ~ 0 (19)

and the auxiliary condition

it

= =0.

P=CR, b=bR

Molecular scattering effects on the potential-energy
surface are usually described through an expansion of the
type

VR, 1) =V, (R) + B(R) (r — ). (20)

Using this expansion along with Egs. (16) and (17) (and set-
ting o = & = 0), we find a relation for the reduced angle:

T (B) =T (5) oz A (B), 21
where 7,4(b ) is determined by V(R ) [the first term in expan-
sion (20)], A(b ) is determined by B (R ) (the second term in the
expansion), and we can use the estimates 74(b )~ V(b ) and
Alb)~ —B*b)R %, where R, is the characteristic range
of V(R ). As can be seen from (21), 7 is an explicit function of
the collision velocity. From the condition for the appearance
of a rainbow, dr/3b = 0, we find the following relation (& ; is
the impact parameter which corresponds to the rainbow an-
gle g ):

A
Tz -

B2 (bg) =~ R,

(22)

We can use (22) to find a numerical estimate of that
value of B (R ) which would make possible an observable ef-
fect. Comparing this estimate with values found through
analytic approximations of quantum-chemistry calculations
(Table I), we see that the empirical estimate is five or ten
times higher than the theoretical values. We thus have the
problem of carrying out a more detailed study of the depen-
dence of the potential-energy surface on the internal coordi-
nates in quantum-chemistry calculations.

We have been discussing the simplest version of the
analysis of the rainbow effect in high-energy scattering. In
the next approximation we need to consider the effect of the
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initial vibrational state of the molecule. An initial vibration-
al excitation of the molecule makes it possible to find the
dependence of the potential-energy surface on the internal
coordinate over a broader range of this coordinate.

We recall that we are essentially using an effective
spherically symmetric potential V' (R, r) in expression (20).
Incorporating orientational effects results in nothing funda-
mentally new, but it should broaden and blur these rainbow
structures.

The purpose of this qualitative discussion has been to
demonstrate some possible approaches to the interpretation
of the observed effect and for using it to obtain completely
new information about potential-energy surfaces (sections of
the surfaces along the coordinate 7).

The quantitative results of the solution of the inverse
problem are the attractive goal of further research in this
direction, but the goal is still some distance away. Along the
path to this goal lie the development of a quantum-mechani-
cal theory of the inverse problem of the vibrational rain-
bow''® and the acquisition of more extensive and more accu-
rate experimental data, to the level required by these
procedures.

c¢) Measurements of energy-loss spectra

Alogical development in research on angular scattering
is the measurement of double (angle-energy) differential
scattering cross sections for atom-molecule systems. Ideally,
such measurements, by providing information on the cross
sections for transitions between distinct quantum states of
molecules, would make it possible to reconstruct potential-
energy surfaces of essentially any complexity. However,
since technical capabilities are still far from ideal, a natural
and reasonable compromise is to carry out angular measure-
ments of the energy-loss spectra for various angular posi-
tions a. In practice, such measurements are carried out not

AKL

Energy loss, eV

FIG. 14. Profiles of the energy-loss spectra of the Ne * ~D, system accord-
ing to measurements in the scattering of a 3.5-keV beam of Ne* ions by a
stationary target, for various angular positions a (Ref. 121). Also shown
here are a plot of the most probable loss, T, versus Ea? (dashed line) and
plots of the limiting energy loses in the models of molecular and atomic
scattering (solid lines MKL and AKL). The molecular (MKL) and atomic
(AKL) kinematic limits correspond to the losses in the laboratory coordi-
nate system for the purely elastic scattering of the Ne* jon by a target
particle with a mass 2 My, or My, (MY, is the mass of the D atom), respec-
tively.

V. B. Leonas and |. D. Rodionov 345



in “lines” (i.e., not for the loss in transitions between known
levels) but for unresolved bands, whose profiles may be
linked with the most probable value of the loss due to inter-
nal excitation of molecular partners. Measurements using
electrostatic analyzers in the case of the scattering of ions
and using time-of-flight apparatus for neutral-atom beams
have been carried out for the following systems: Li*-N,;
He™, Ar*-N,; Ne*, Ne, D*-H,, D,; He*, He-H,, O,, N;;
and K™, C17-0,, N,, CO, CO,, CH, (see the bibliographies
in Refs. 84, 86, 117, and 118). Figure 14 shows some typical
results for the Ne*-D, system; shown along with the pro-
files of the measured-loss spectra here is the dependence of
T,—the most probable value of the loss (the peak in the spec-
trum)—on the reduced angle Ea?. Also shown in Fig. 14 are
the limiting values of the loss associated with purely elastic
scattering: the lines labeled MK L (molecular kinematic elas-
tic limit) and AKL (atomic kinematic elastic limit). These
two limits have the following meaning. In the scattering of a
fastatom (of mass M, and energy E ) by amolecular target (of
mass M ) which is at rest, the energy which the atom loses
(and which is accordingly transferred to the target) in the
laboratory coordinate system consists of two components.
The component

ApP? M M
_ L __ dp 2 P 2
ABy =gy = 5B B0 ~ 52 Ea

corresponds to the energy of the motion of the scattered mol-
ecule transverse with respect to the unperturbed trajectory.
The other component, AEy,, corresponds to the energy of
the rotational-vibrational excitation of the molecule which
arises. It is for the quantity AE, that there are two limiting
values (a molecular value and an atomic value), which de-
pend on whether M ;. arises as a unit (in which case we should
have M, = 2,M, , where M, is the mass of the constituent

atoms) or whether it may be thought of as a set of unbound
atoms. In this case, in view of the short-range nature of the
interaction, we would have M = M, . For a homonuclear
diatomic molecule we would M, <M <2M,, . The interme-
diate cases which correspond to this inequality, and which
are discussed on the basis of the scale transformation of the
measurements for various values of £ which was proposed in
Ref. 119, correspond to scattering by an atom with an effec-
tive mass greater than M, .

It can be seen from Fig. 14 that the measured loss spec-
tra are characterized by a sharply defined peak T, and a
significant broadening with increasing scattering angle. The
angular dependence and the width of the loss spectrum are
potentially sources of further information on the interaction
potential in inelastic transitions. If we take T, to be the most
probable value of the loss, then the difference T, — Ea?
(Mp = M 1) corresponds to the energy of the rotational-vi-
brational excitation of the target molecule. In the additive-
potential approximation it is a simple matter to calculate®®
Ty, by taking an average over random orientations of the loss
AE, . Calculations of this sort have been carried out®® in con-
nection with measurements of the energy-loss spectra in the
Li*-N, system. Figure 15 shows measured and calculated
values of Ty, (the circles and the solid line, respectively). The
other lines shown here correspond to the molecular and
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FIG. 15. The most probable energy loss, Ty, measured for the Li*-N,
system® versus Ea? and [Ea | « ¥ (b )]. The limiting lines MKL and AKL
are also shown. The difference between the values of T, and the values for
the MKL line is a measure of the total loss due to molecular excitation.

atomic limits. As expected, the pulse mechanism for the ex-
citation of the molecules, which gives a satisfactory descrip-
tion of the measured angular variation of T, (Fig. 15), leads
to relatively small excitations (AE gy € 7) up to 7~ 50 eV-
-rad.

Although the additive potential model also gives a satis-
factory description of the angular dependence of T, the cal-
culated results are not adequately sensitive to the potential.
For collisions in, again, the Li*-N, system, for example,
with energies ~ 10 eV (Ref. 120}, the loss spectra measured
by Toennies et al.?® can be described satisfactorily by using
different values for the parameters of the Born-Mayer poten-
tial for interatomic repulsion

V (R) = A exp (—aR)
(A = 3563 eV o == 3,78 A-1 120

A =1550 eV o = 4,65 A-t 89),

So far, the possibility of obtaining information on the
potential-energy surface by fitting the calculated and mea-
sured shapes of the loss spectrum (going beyond a simple fit
of the values of T,) has not yet been pursued. This approach
in the analysis of measurements of the overall profile of the
energy-loss spectra appears to us to be more promising than
the simple scale transformation of the experimental results
which has been proposed by Sigmund*'® and which leadstoa
purely qualitative phenomenological result: the determina-
tion of some effective mass of the scatterer. As support for
this position we can cite the results of recent measurements
of the angular dependence of the loss spectra in the scatter-
ing of the electronically similar ions K* and C1~ by different
molecules (O,, N,, CO, CO,, CH,). The use of a scale trans-
formation has not made it possible to extract anything in the
way of practically useful information on the nature of the
interaction responsible for the scattering at energies
V(R )<10-15¢eV.

It is easy to see from Fig. 14 that the observed degree of
broadening of the spectrum and the tendency for the width
to increase with the scattering angle cannot be explained as
purely instrumental effects (the role of such effects would
weaken with increasing angle). The relative width of the loss
spectrum, o T /T, is determined by the interval of angles de-
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tected by the detector, by the spread of initial energies in the
beam and, finally, by the spread in the values of the effective
mass M due to the orientation, as was shown in Ref. 117. All
these contributions to the broadening of the spectrum
should decrease with increasing angle, leading to a relative
width oT /T =0.1. It can be seen from Fig. 14, however, that
at the end of the angular interval of the measurements we
have 0T /T=0.5, indicating additional sources of broaden-
ing of the energy-loss spectra. At intermediate angles (Fig.
14) we also see indications of an additional source of broad-
ening. Calculations in the impulse approximation show that
the loss due to the vibrational-rotational excitation is a small
fraction of the atomic kinematic limit. For the Ne*-D, sys-
tem, therefore, the energy transfer to the vibrational-rota-
tional motion is AE gy <0.5Ea*. We then see from Fig. 14
that in essentially all cases the width of the loss spectrum is
several times greater than AE ;. The reason for this broad-
ening should apparently be sought in the possibility that oth-
er sources of vibrational excitation come into play, in parti-
cular, sources associated with the observation of a strong
dependence of the potential-energy surface on the internal
coordinate, discussed above.

In summary, further developments in research and a
more profound analysis of the angular dependence of the
energy-loss spectra appear quite promising for obtaining
new information on both the repulsive interaction and the
loss function AE iy (6).

5. CONCLUSION

This discussion of the present state of research on short-
range intermolecular forces can be summarized as follows:

a) There is increasing interest in the use of data on inter-
action potentials, since this fundamental information makes
it possible not only to find a quantitative description of colli-
sional processes but also to avoid effectively the insurmount-
able difficulties in a direct determination of the macroscopic
properties of matter under extreme conditions.

b) A computational branch of quantum chemistry has
been defined and is being developed actively. This branch is
presenting some impressive opportunities for calculations
on short-range anisotropic interaction potentials. The rea-
son for the interest in empirical data on the potentials here
stems from the need to develop and test new approximations
and new computational methods.

c) Extensive research has been carried out on high-ener-
gy scattering in systems including atoms, ions, and mole-
cules. This research has provided voluminous empirical in-
formation on the potential-energy surfaces. A new
phenomenon has been discovered: the high-energy vibra-
tional rainbow. The possibility of obtaining fundamentally
new information—sections of potential-energy surfaces
along the intramolecular coordinate—is linked with the
study of this rainbow.

d) The arsenal of experimental methods for studying
high-energy scattering is expanding at a rapid pace. Posi-
tion-sensitive detectors and laser methods are the most
promising directions.

On the whole, this branch of the physics of atomic colli-
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sions has now reached a critical point of a sort, at which we
are stepping from a region of methodological development
into a region of acquiring reliable quantitative data on short-
range interactions in atom-molecule systems.
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