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University of Washington

Abstract

Anisotropic Potential Energy Surfaces for Atmospheric Gas -
Unsaturated Hvdrocarbon Molecule Interactions from Differential

Scattering Experiments
by Kip Patrick Stevenson

Chairperson of Supervisory Committee
Professor R.O. Watts
Department of Chemistry

The total differential scattering cross sections of several atmospheric gas - unsaturated
hvdrocarbon molecule svstemns (He. Ne. Ar. Hy. Ny, CO. and NO with C,H,. C,H,.
CyHy. and C4H,) were measured using bolometric detection in a crossed-molecular
beam apparatus. The observed angular scattering distributions exhibit damped rain-
bow and diffraction oscillations. providing information on the intermolecular potential
energy surface anisotropy of each syvstem. Light reduced-mass systems containing He
and H, show fast diffraction oscillations. while heavy reduced-mass systems with Ar.
N.. CO. and NO show predominately a single broad rainbow oscillation. The Ne -
(',H,. C,H;. and CyH, svstems at high angular resolution show both rainbow and
diffraction features.

Anisotropic Lennard-Jones N-6 and Barker model potential energy surfaces were
determined for each syvstem by a “best-fit” comparison between the experimental cross

section and a theoretical cross section. calculated using infinite-order-sudden ([OS).



JKWB. and Born approximations. Adjustment of potential parameters € and Ry,. ex-
panded in Legendre polynomial functions of the proper molecular rotational symme-
try. allowed adequate fits to the experimental data. Barker model potentials provide
better descriptions of the collision dynamics due to better estimates of the long-
range interactions. [n comparision. the Lennard-Jones potentials are consistently
more anisotropic in the well region and more steeply repulsive at short-range.

The damped diffraction oscillations were observed to be most sensitive to the po-
tential size anisotropy and rather insensitive to the potential shape anisotropy. The
relative size anisotropies for the various systems increase in agreement with the num-
ber of (' — C bonds along the hydrocarbon’s molecular symmetry axis. The damped
rainbow oscillations were observed to be sensitive to the potential shape anisotropy
and less sensitive to potential size anisotropy. He. Ne. and H, - hvdrocarbon inter-
actions are found to have isotropic well depths. while the Ar. N,. NO. and CO -
hydrocarbon interactions are anisotropic. The Ar - hydrocarbon systems prefer T-
shaped structures. Interestingly. the acetylene-diatom systems have more stable linear
configurations. while the ethylene-diatom and allene-diatom systems prefer T-shaped
geometries. The [0S results need to be compared with more accurate close-coupled
gquantum scattering calculations to determine the contributions of rotational inelastic

transitions.



TABLE OF CONTENTS

List of Figures iil
List of Tables vi
Chapter 1: Introduction 1
.1 [ntroduction to Intermolecular Forces . . . . . . ... ... ... .. 1
1.2 Molecular Svstems of Interest . . . . . . . .. ... ... T
1.3 Structureof Thests © . . . o o 0 0oL oL Lo Lo
Chapter 2: Experimental Methods 13
2.1  Molecular Beam Scattering Apparatus . . . . . . ... ... L4
2.2 Total Differential Scattering Experiments . . . . . .. .. .. ... .. 23
2.3 Time-of-Flight Analyvsis Experiments . . . . . . . ... .00 . 54
Chapter 3: Scattering Theory 63
3.1 Introduction . . . . . .. oL Lo 63
3.2 Classical Scattering Theory . . . . . 0 . . ..o oo L. 6-1
3.3 Quantum Scattering Theory . . . . . . .. ... ... 69
3.4 Semiclassical Phase Shift Approximation . . . . . .. .. .. ... .. 76
3.5 Multichannel Scattering Theory . . . . . . .. . . ... .. 32
Chapter 4: Intermolecular Potentials 93
Ll Introduction . . . . . . L oL 93

L2 Spherical Potentials . . . . .. .. ..o oo 96



+.3  Anisotropic Models

4.4

Chapter 5:  Scattering Analysis

5.1  Summary of Scattering Features

5.2  Experimental Averaging

Chapter 6: Results

6.1 Light [nteractions - He and H.
6.2 Heavy [nteractions -~ Ne and Ar

6.3
Chapter T: Conclusions

Bibliography

Dispersion Coefficients for Intermolecular Potentials

Diatomic Interactions - N,. CO.

and NO



[ <
h .

(B4

LIST OF FIGURES

Flow Diagram . . . . . .. .. .. . ... ... ...

[n-plane Crossed Molecular Beam Apparatus . . . . . .. .. ... ..
Bolometer electrical circuit . . . . . . .. ..o L.
Experimental setup for total differential scattering measurements.

FTIR spectrum of CyH, gas sample . . . . . . . .. ... .. ... ..
Experimental setup for time-of-flight measurements. . . . . . . . . ..

TOF Spectra of Supersonic Gases . . . . . . . ... ... ... ....

Scattering trajectory for a two body binaryv collision . . . . . .. . ..
('lassical Scattering Deflection Function . . . . . . . . . .. . ... ..
Partial wave Phase Shifts . . . . . . . . . .. ... ... ... ...

Numerical Phase Shifts for High and Low Angular Momentum Cases
Space-Fixed Coordinate Systemn for Atom-Symmetric Top [nteractions

Impacts Leading to Diffractive Scattering . . . . .. . . ... ... ..
[mpacts Leading to Rainbow Scattering . . . .. .. .. ... .. ..
Helium scattering from C,H,. C3H;. and CyHo. . 0 0 0 0 0 00 o L.
Dihydrogen scattering from C,H,. C3Hy. and CyH,. . . . . . . . . ..
Ne scattering from C,H,. CoHy. C5Hy. CyH, at low angular resolution
Ne scattering from C,H,. C,H,. and C3Hy at high angular resolution

Argon scattering from C,H,;. CsH;. and CyH.. . . . . . . ... . ..

Nitrogen scattering from C,Hiand CoH,. .0 .0 00 0o 0oL

1

93



5.9

7]
—
o

-t
h
—
-

6.1

6.2

6.3

6.1

6.5

6.6

6.3

6.9

6.10
6.11

6.12

(Carbon monoxide scattering from C,H,. CoHy. and CyHy. . . . . ..
Nitric oxide scattering from CoH,. CoHy. and C3Hy. . . o . 0 .. ..
Elastic Newton Diagram - Light Particles . . . . . . . .. ... .. ..
Elastic Newton Diagram - Heavy Particles . . . . . . ... ... ...
[nelastic Newton Diagram . . . . .. .. ... .. ... ... .. ..

Schematic of Angular Averaging Variables . . . . . . . . ... ... .

3 He-Ar Differential Scattering Cross Sections . . . . . . . ... ...

[0S Total Differential Scattering Cross Sections for He-C,H,. C3H,.
and CyHoy o o0 o 0 oo
(‘omparison of Barker Potentials for He-X Interactions . . . . .. ..
[0S Total Differential Scattering Cross Sections for H, - CoH,. CyH,.
and CoHy oo 0 o 00 oo
Spherical Barker Model Potential for H,-C,H,. C4H;. and C;H.

Perpendicular and Parallel [0S Contributions for H, - C,H,. C;H,.
and C4H, Systems . . . . . . . L
[0S Total Differential Scattering Cross Sections for Ne-C,H,. C,H;.
CsHy. and C4H, at low resolution . . . . . . . .. .. ...
[0S Total Differential Scattering Cross Sections for Ne-C,H,. C,H,.
and C3Hy at high resolution . . . . . . . .. .. 000
Contour Plots of Barker Potentials for Ne Interactions . . . ... ..
[0S Total Differential Scattering Cross Sections for Ar-C,H,. CsH;.
and CyHy oo o0 00 o
Spherical Barker Model Potential for Ar - C,H,. CsHy. and CyH,. . .
Perpendicular and Parallel [OS Contributions for Ar- C,H;. C3H,. and
CyHopsystems . o o L 0 0 0oL

Contour Plots of Lennard Jones and Barker Potentials for Ar Svstems

v

16
L6

16:

16

L

2

3



6.13

6.14
6.15

6.16

617

618

(Comparison of Lennard-Jones and Barker Interaction Energies at r,
for Ar-X Swstems . . . . . ...
[OS Total Differential Scattering Cross Sections for N,-C>Hiand C3H,
[0S Total Differential Scattering Cross Sections for CO-C,H,. C,H,.
and CqHy . . 0 o
[0S Total Differential Scattering Cross Sections for NO-C,H,. C,H,.
and CsHy o . o0 0 0.
(C'ontour Plots of Barker Potentials for CO and NO with C,H,. C.H,.
and CyHy . 00 0 0 .

Contour Plots of Barker Potentials for N» with C,H,; and C3H, . . . .

153



184 [ I~ <
.

<
.

AN

N

2,09
2.20

LIST OF TABLES

Helium - Ethyvlene scattering data. . . . . . .

Helium - Allene scattering data. . . . . . . ..

Helium - Diacetyvlene scattering data. . . . . .

Hydrogen - Ethyvlene scattering data. . . . . .

Hydrogen - Allene scattering data. . . . . ..

Hydrogen - Diacetylene scattering data. . . . .

Neon - Acetyvlene scattering data. . . . . . . .

Neon
Neon
Neon
Neon
Neon

Neon

Ethylene scattering data. . . . . . . . .
Allene scattering data. . . . . . . . ..

Diacetylene scattering data. . . . . . .

Acetyvlene scattering data at high resolution. . . .

Ethylene scattering data at high resoluti

Allene scattering data at high resolution

Argon - Ethyvlene scattering data. . . . . . ..

Argon - Allene scattering data. . . . . . . ..

Argon - Diacetvlene scattering data. . . . . . .

7 Nitrogen - Ethyvlene scattering data. . . . . . .

Nitrogen - Allene scattering data. . . . . . . .

Carbon Monoxide - Acetvlene scattering data.

Carbon Monoxide - Ethylene scattering data. .

Carbon Monoxide - Allene scattering data. . .

Nitric Oxide - Acetylene =cattering data. . . .

on. . . . . . ... ..



(B4 [
. .

(B
.

6.2

6.

(M
-

-

it
(M

Nitric Oxide - Ethylene scattering data. . . . . . . . . .. .. ... ..

Nitric Oxide - Allene scattering data. . . . .. .. .. .. .. ... .. 53
Fitted TOF parameters for atomic. diatomic. and polyvatomic gases. . 60
Velocity parameters for atomic. diatomic. and polvatomic gases. . . . 61
Rotational Population Analysis of Hvdrocarbons . . . . . .. ... .. 62
The ; = I Rotational Periods for C,H,. CoH,;. C3Hy. CoHy . 0 0 0 L . 90
Atomic and Diatomic Properties for Estimation of Dispersion Series . 102
Hydrocarbon Properties for Estimation of Dispersion Series . . . . . . 103
Dispersion Series Coefficients for Atom-Mlolecule [nteractions . . . . . 109

Dispersion. Induction. and Electrostatic Coefficients for Diatom-Molecule

[nteractions . . . . . . ... L 11
Summary of Scattering Features . . . . . . .. .. .. ... ... ... LS
Angular Averaging Distance Parameters . . . . . . . . . .. ... .. 146

Summary of Lennard - Jones and Barker Potential Parameters for He
with C,Hy. CsHy.and CyHy. o 0 0 0 0 00 000 0000 156
Summary of Lennard - Jones and Barker Potential Parameters for H,
with C,Hy. CsHycand CyH, o 0 0 0 0 00 000 oo oo 159
Summary of Barker Potential Parameters for Ne with C,H,. C,H,.
C3Hy. and CyH,. for high and low resolution cases. . . . . . ... .. 166
Summary of Lennard - Jones and Barker Potential Parameters for Ar
with CoHy. CyHy.and CyHy. o 0 0 0 0 0 0 0 00 00 o 173
Summary of Barker Potential Parameters for N,. CO. NO with C,H..

(,'~_) H; and C;gH.g. ............................. 135



ACKNOWLEDGMENTS

[ would like to express my sincere thanks to the many people who provided
assistance and support during the tenure of this thesis. First and foremost.
much appreciation is extended to Professor R. O. Watts for his gnidance and
his generosity in allowing me to complete part of this work at the University
of Melbourne in Melbourne. Australia.

Many thanks is also offered to the various Watts group members who have
engaged in enlightening discussions of science and other intangible subjects
that have contributed to the completion of this Ph.D. [ would like to thank
Dr. John Close. Dr. Pedro Muino. and Dr. Adi Scheidemann for their scientific
mentorship and experimental assistance over the vears. Past and present group
members: Dr. Aijun Li. Dr. Shao-Hui Tseng. Dr. Jian Wu. Dr. Doug Beck.
and Susan Rempe are acknowledged for their support and comradery. A special
thanks goes to Dr. Moonbong Yang for his help with the scattering codes.

Finally. much heart-felt gratitude is offered to my family and friends for
their continual encouragement and their participation in the many extracur-
ricular events that have enriched my life outside of science. Many thanks is
offered to Dr. Pat Heath and Dr. Jeff Delrow for their support. [ am espe-
cially grateful for the friendship of my brothers. Kern. Kraig. Keith. Brad. and
Barry: the love and support of my parents. Sharon and Donn Adams: and the

inspiration of my dear grandmother. Mrs. Ruth Forrey.

Vi



Chapter 1

INTRODUCTION

1.1 Introduction to Intermolecular Forces

The investigation of intermolecular forces is pervasive throughout physics. chemistry.
and biology. Knowledge of the microscopic interactions that occur between molecules
is essential for the fundamental understanding of many chemical and physical phe-
nomena such as the macroscopic thermodynamic properties of bulk gases. liquids [39].
and solids {103]. the kinetic rates of chemical reactions [73] and energy transfer pro-
cesses [69]. and the structure and dynamics of small molecular clusters [S4. 39. 37].
The diffusivity. viscosity. and thermal conductivity of bulk phase svstems are largely
determined by the detailed interactions between molecules under non-equilibrium con-
ditions. The rates of intermolecular energy transfer and relaxation depend primarily
on the forces exerted by particles during collision events. Van der Waals cluster
complexes are characterized by large amplitude. anharmonic motions which depend
sensitively on the size and shape of potential energy barriers and the coupling of
bending and stretching motions. The intermolecular forces that occur during the
interaction of molecules originate from the combination of short range repulsive and
long range attractive forces. The repulsive forces arise from the overlap of molecular
wave functions at small distances. Due to the Pauli exclusion principle. the electron
density in the overlap region is reduced and the positively charged nuclei are im-
properly sheilded. Both effects give rise to exponetially decaying replusion at short

range.



The long range forces are comprised of electrostatic. induction. and dispersion
contributions. Electrostatic forces result from the interaction of the permanent mul-
tipole moments of the molecules. which arise from the electrical charge distributions
inherent in the molecules. The induction and dispersion forces are due to polarization
forces that occur when the electronic cloud distribution of one molecule is distorted
by the electric field due to an adjacent molecule. The induction forces result from
the ability of the permanent multipole moments of one molecule to induce instanta-
neous dipole. quadrupole. and higher order moments. while the dispersion forces arise
primarily from the mutual polarization of interacting molecules. giving rise to attrac-
tive induced dipole-induced dipole and induced dipole-induced quadrupole moment
interactions.

For nentral nonpolar molecules in their electronic ground states. dispersion forces
are the dominant contribution to the total interaction at long range. Therefore. the
clectrostatic and induction forces are usually neglected. or included only when highly
accurate descriptions are required. At moderate temperatures and pressures the prop-
erties of liquids. solids and gases can be explained in great detail from knowledge of
the dispersion forces that occur during the interaction of neutral. stable molecules.
As a result of the success of this approach in explaining the behavior the real gases.
the dispersion forces are commonly referred to as van der Waals forces [74].

Van der Waals forces are conveniently represented in terms of the intermolecu-
lar potential. or van der \Waals potential energy surface when multiple degrees of
freedom are important. For closed-shell atomic interactions. the potential energy
i= isotropic and depends only upon the relative intermolecular separation between
atoms. However. for atom-molecule and molecule-molecule interactions. the potential
energy surface is anisotropic and depends not only upon the relative separation but
also on the relative orientation of the interacting bodies. In general. the interaction
potential for a fixed orientation is repulsive at short intermolecular separations and

attractive at large intermolecular distances. Due to the balance of repulsive and at-



tractive forces. a stable equilibrium geometry. r,,. with a minimum potential energy.
¢. exists at intermediate separations. For anisotropic interaction potentials. the pa-
rameters. r. and €. are orientation dependent. and their relative magnitudes as a
function of orientation represent the size and shape anisotropy of the potential en-
ergy surface. respectively. The presence of anisotropy in the potential energy surface
leads to more complicated structural and dynamical properties of van der Waals in-
teractions. Further. knowledge of the anisotropic contributions to the intermolecular
forces plays an important role in understanding properties of large molecular systems
found in atmospheric. astrophysical. and biological media.

Van der Waals interaction potentials have been determined from several theo-
retical and experimental methods. b initio quantum chemical methods have been
applied using ouly knowledge of the number of electrons and nuclei to calculate the
potential over various intermolecular ranges [I1Y. 113]. However. for systems with
more than a few electrons. approximations must be imposed to make the calcula-
tion tractable. and in many cases. accurate determination of the potential energyv
surface over the full intermolecular range is precluded. For the larger systems. ab
initio methods are most accurate at describing the repulsive contributions to the in-
termolecular potential at short range. where electronic exchange between interacting
molecular orbitals leads to significant interaction energies. At intermediate and large
intermolecular distances. basis set size. energy corrections. electron correlation effects
become important considerations and higher level accuracy is needed to determine
relatively small interaction energies.

Perturbation theoretical methods have also been applied to determine the long
range part of the potential energy surface [71. 64. 51]. For molecules separated by
distances much larger than their molecular dimensions. the potential may be treated
as a perturbation to the total energy. Multipolar expansion of the interaction poten-
tial allows the determination of the second order energy contributions. which vield

the attractive induction and dispersion contributions to the interaction at long range.



From the assumption of combination rules [31. 59] and the application of molecu-
lar polarizabilities and ionization potentials. the dispersion series coefficients for a
particular interaction may be estimated to a reasonable degree of accuracy.

Experimental measurements of thermophysical properties such as the bulk trans-
port properties of diffusion. thermal conductivity. and viscosity. provide information
primarily on the repulsive potential [74. 61]. Since these properties are averaged over
broad energy distributions and all intermolecular orientations. thev are considered
less sensitive methods for determining complete interaction potentials. Second virial
coefficients are more sensitive to the form of the interaction potential. but exper-
imental data is usually only obtained over narrow temperature ranges. precluding
determination of the full potential. However. thermophysical data can be used as
a constraint when determining potentials from more accurate methods. especially if
only the isotropic part of the potential is desired.

[ntermolecular potentials have been most accurately determined from spectro-
scopic and scattering methods in combination with molecilar beam techniques. Molec-
nlar beams when expanded into vacuum allow for the preparation of rotationallyv and
vibrationally cold molecules and clusters that may be investigated under collision-
free conditions. Spectroscopic methods usually entail the interrogation of bimolecu-
lar clusters with infra-red (IR) or microwave radiation. Near-[R spectroscopic studies
[¥3. 90] probe the dissociation spectra of clusters by excitation of the high frequency
modes of the monomer components in the cluster. The determination of rotationally-
vibrationally resolved IR spectra provide information on the structural properties of
the cluster around the attractive global minimum of the potential energy surface.
Further. the [R predissociation linewidths may provide information about the disso-
ciation of clusters under ~half-collision™ conditions. Far-IR spectroscopic experiments
[37. 106] directly probe the van der Waals stretching and bending modes. vielding de-
tailed information about attractive potential energy surface in the well region. For

anisotropic systems in particular. far-IR studies probe the rotational-vibrational tun-



neling and the barriers to internal rotation of monomer subunits in the complex [36].

Microwave spectra mostly provide structural information through the determina-
tion of dimer rotational constants. although approximate estimates of the bending and
stretching force constants of complexes may also be obtained by simple analysis of
the distortion constants [43]. Unfortunately. microwave studies are most amenable to
investigation of polar molecules or strongly interacting van der Waals molecules. since
complexes must have strong transition dipoles in order to vield observable rotational
line spectra.

Scattering methods can provide information on even the most weakly interacting
svstems over the full potential energy surface by tuning the relative collision energy
between intersecting molecular beams [10L. 414]. The measurement of the total at-
tenuation of one molecular beam due to the presence another crossed beam. provides
the integral scattering cross section. which is most sensitive to the attractive or long
range part of the potential energy surface. The integral scattering cross section mea-
sured as a function of the relative energy can reveal glory oscillations which afford a
measure of the product of € and r,, potential parameters. Anisotropy in the potential
energy surface leads to damping of the glory oscillations. [n some cases. the relative
anisotropy in a given potential energyv surface can be determined by the measure-
ment of integral scattering cross sections of molecules in various stages of alignment
[131. 129, 130].

Total differential scattering measurements can provide more complete information
about the potential energy surface over the complete intermolecular range depending
on the relative collision energy and the measured angular range of scattering [24]. At

,
low collision energies. small angle scattering is dominated by the attractive part of
the potential energy. while at high collision energies. scattering to large angles probes
the repulsive contributions. Moderate collision energies. simultaneously probe hoth
the attractive and repulsive contributions of the potential energy surface for small

and large deflection angles. respectively.



For measurements with high energy and angular resolution. quantum interference
features are resolved in the differential scattering cross section. Light reduced-mass
systems exhibit fast diffractive oscillations. where the angular spacing of these high
frequency oscillations vields a direct measure of the size parameter I'm . Heavy reduced-
mass systems reveal slow rainbow oscillations. where the angular position of this low
frequency oscillation provides a measure of the interaction strength. or well depth. €.
Vedinm reduced-mass systems may show both interference features. vielding a more
complete determination of the of the size and shape of the potential energy surface.
The presence of anisotropy in the potential energy surface leads to damping of the
observed oscillatory features in comparison to isotropic systems. The damping of the
fast diffractive oscillations primarily provides a measure of the size anisotropy. rn..
while the broadening and damping of the slow rainbow oscillation is more sensitive
to the shape anisotropy. Ae'.

The most detailed information about anisotropic potentials can be determined
from the state resolved scattering experiments. Separation of elastic and inelastic
«attering contributions is important for determining the isotropic and anisotropic
contributions to the intermolecular potential. Differential energy loss scattering meth-
ods can determine the state-to-state scattering cross sections by resolving individual
internal state transitions [25]. The observation of rotational rainbows. even when only
partially resolved. reveal information about the relative anisotropy in the repulsive
part of the potential in particular. The most detailed information is provided by the
combination of laser spectroscopic methods and scattering techniques [122. 107. 91}
but is only applicable to a few model systems. The preparation and selection of reac-
tant and product state distributions under single collision conditions. makes possible

a complete detailed understanding of anisotropic potential energy surfaces of larger

I\ measure of the relative anisotropy in atom-cvlindrical moleciile systems can be characterized
by the difference between the parallel and perpendicular orientations with respect o the molecular
SVTHIetry axis. Xrpm = Fmgp — Tm.L and de = ¢ — €.
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molecular syvstems.

Some caution is necessary when considering the determination of potentials from
only one set of empirical data. Each experimental method has inherent sensitivities to
particular parts of the intermolecular potential. and therefore no one particular data
set is convenient for a unique determination of the potential energy surface for a given
syvstem. To remove the possibility of any unnecessary bias in fitting experimental
data with a given potential model. it is important to consider other experiments
which provide complimentary information about the potential energy surface. In
the best case scenario. both theoretical calculations and experimental measurements
should be combined in the analysis to ensure the uniqueness of the potential energy
surface over the full intermolecular range. Nevertheless. it remains useful to choose
a particular experimental technique that can be applied to a large class of svstems.
and with consideration of existing complementary data from other theoretical and
experimental sources. accurate van der Waals potential energy surfaces for several

umportant molecular systems may be determined.

1.2 Molecular Systems of Interest

This thesis describes the determination of anisotropic potential energy surfaces pri-
marily from total differential scattering experiments. Where relevant. existing exper-
imental and theoretical data for each system is also considered in the analysis of the
scattering. In particular. we are interested in the interactions of rare gas atoms ( He.
Ne. and Ar) and small diatomic molecules (H,. N,. CO. and NO) with unsaturated
hydrocarbon molecules such as acetylene. C,H,. ethvlene. C',H,. allene. C4H,. and
(lia('et_\'lene. C.;H-_v.

[nvestigation of these systems is important for several general and fundamental
scientific reasons. Collisions of He and H, with small organic molecules are important

for understanding the astrophysical observations of interstellar and interplanetary me-
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dia [43]. He and H, are the most abundant astrophysical gases and their interactions
with other molecules cause line broadening. disequilibrium rotational and vibrational
state populations. and in some cases. the pumping of maser emissions. Acetvlene.
ethyvlene. and diacetvlene are important interstellar carbon-based molecules and are
commonly found in interplanetary bodies such as Jupiter and Titan {38]. An un-
derstanding of the interactions these molecules may be important for modeling the
chemical and physical properties of less directly accessible environments.

The interactions of common diatomic gases such as N,. NO. and CO with hy-
drocarbon molecules are important for understanding kinetic processes like the rates
translational. rotational and vibrational energy transfer. as well as the effects caused
by anthropogenic pollutants. Acetylene. ethylene. allene are the abundant feedstocks
nsed in the svnthesis of large organic molecules and polymeric materials [110. 113].
and their affect when released into the atmosphere are potentially hazardous to the
balance of complex environmental conditions. ['nderstanding the collisions of small
atmospherically abundant molecules. such as CO. NO. and N, with simple organic
molecules may also provide a basis for determining important atmospheric chemical
reactions and heat transfer processes.

Previous spectroscopic investigations of van der Waals complexes have indicated
that svstems containing unsaturated bonds have interesting lewis-acid base proper-
ties [NY]. large-amplitude bending and stretching motions [62]. and possibly. uniquely
shaped potential energy surfaces with several equivalent configurations. The aniso-
tropy in the potential energy surface can lead to difficulties in assigning the observed
transition frequencies with ~“good™ quantum numbers. since a complex may range
from rigid to free internal rotor dvnamics depending on the magnitude of the poten-
tial anisotropy in relation to the size of the monomer rotational constant [60]. The
coupling of van der Waals stretching and bending modes is due to the detailed shape
and size anisotropy and the determination of structural constants in many cases re-

quires averages over boundstate wavefunctions. The presence of equivalent potential
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minima with various barriers heights gives rise to internal rotations of molecular sub-
units and leads to observable tunnel splittings in high resolution spectra [106]. In
some cases analyses of spectroscopic data may be aided by considering data from
scattering studies. especially for most weakly bound systems such as those containing
He. Ne and H,[36].

The primary motivation for the study of the atmospheric gas - unsaturated hy-
drocarbon interactions investigated in this thesis is to build on previous work that
considered the interaction potentials of larger atom-molecule systems. Yang and co-
workers have investigated the scattering of He. H,. N,. and Ar from acetylene and
were able to developed improved potential energy surfaces by considering complemen-
tary data from differential energy loss and high resolution spectroscopic experiments
[126. 26. 124]. For the He-C,H, system. the authors showed using 10S and CS quan-
tum analysis of differential scattering and differential energy loss measurements that
the He-C.H, potential energy surface is weakly anisotropic and essentially spindle
shaped due to presence of the = electrons of the acetviene molecule. Further. Yang
also developed reasonable interaction potentials for H.. Na. and Ar - CoH, svstems
using [0S analysis of total differential scattering measurements.

[n additional work. Yang was able to develop an improved Barker model potential
energy surface for the Ar- C;H, system using more accurate close-coupled quantum
calculations and by considering existing spectroscopic data [127]. Not only did the
improved potential predict the observed scattering data. it also agreed quite well with
the spectroscopic results of the Ar-C,H, complex. Interestingly. Yang showed that
long cyvlindrical molecules might give rise to strong inelastic features at small scatter-
ing angles in the total differential scattering cross section: structures corresponding
to large \j rotational transitions as a result of large impact parameter collisions.
To test this theoretical prediction. we chose to increase the overall molecular bond
length of the hydrocarbon from acetylene to allene to diacetvlene. in hopes of obsert-

ing sharp inelastic features in the total differential scattering cross sections. Further.
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to examine the role of the attractive. long-range potential in promoting such rota-
tional transitions. the probes. He. Ne. Hs. N,. CO. and NO were also selected. Since
the polarizability of this series increases from He through NO. we expect to observe
an increase in the interaction strength for these systems and possibly changes in the
inelastic features if they are indeed caused by large impact parameter collisions.
While the initial aim of the experiments presented in this thesis is to investigate
a novel scattering feature. this study also represents the most extensive investigation
of intermolecular forces for unsaturated hyvdrocarbons and their interactions with
atmospherically important gases via scattering methods. It is hoped the results found
here will provide a complementary set of experimental data that may help in the
analysis of spectroscopic investigations of weaklv-bound complexes. and aid in the

development of theoretical models for larger van der Waals molecules and clusters.

1.3 Structure of Thesis

Figure 1.1 shows the general procedure for obtaining anisotropic potential energy
surfaces from crossed-molecular beam experiments. In general. the total differen-
tial scattering cross sections exhibit diffraction or rainbow oscillations which provide
sensitive measures of the potential energy surface for each system. An experimen-
tal scattering cross section for each system of interest is measured and compared
to a theoretical scattering cross section that is calculated using quantum scattering
theory and an analyvtic potential energy surface. Potential parameters are initially
chosen. raking into account any existing complementary data. and adjusted until a
statistically determined ~best-fit” is obtained. Once an agreeable potential has been
determined. more advanced calculations mavbe carried out if desired.

Chapter 2 reports the various experimental methods and the measured total differ-
ential scattering cross sections of the several rare gas and small molecule interactions

with unsaturated hydrocarbon molecules. Chapter 3 presents the classical. quantal
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and semi-classical scattering theory necessary for interpreting the scattering results.
The orientation dependent model potential energy surfaces used in fitting the ex-
perimental cross sections are presented in Chapter 4. The analvsis procedures for
energy and angular averaging and statistical comparison of cross sections is reported
in Chapter 5. Chapter 6 discusses the results of the fitted potential energy surfaces.
Finally. Chapter T gives some conclusions about the experimental findings as well as

suggestions for future work.



Chapter 2

EXPERIMENTAL METHODS

The determination of anisotropic intermolecular potentials via scattering exper-
iments with resolved diffraction and rainbow oscillations. requires special reagent
preparation. sophisticated high resolution instrumentation. and the application of
sensitive detection techniques. Supersonic jet sources produce well-directed beams of
molecules with cold internal state distributions and narrow translational velocity dis-
tributions. The intersection of molecular beams in high vacuum ensures well-defined
scattering dynamics under single collision conditions. and with the addition of dif-
ferential pumping stages. background scattering contributions may be significantly
reduced. Bolometric detection coupled with phase sensitive lock-in techniques allows
for measurement of small scattered fluxes. while mass spectrometric detection of the
source gases enables characterization of the supersonic expansions and the determi-
nation of the collision energy resolution by time-of-flight (TOF) spectroscopy.

The crossed molecular beam apparatus is explained in Section 2.1. The exper-
imental procedures and the measured total differential scattering cross sections for
rare gas (He. Ne. and Ar) and diatomic molecule (H,. N». CO and NO) scattering
from unsaturated hvdrocarbon molecules (C,H,. CoHy. CsHy. CyH,) are presented in
Section 2.2. Finally. the TOF analysis of the molecular beams and the determined

velocity distributions are given in Section 2.3.
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2.1 Molecular Beam Scattering Apparatus

The total differential scattering cross sections were measured using the crossed molec-
ular beam scattering apparatus shown in Figure 2.1. The molecular beam scattering
apparatus consists of two molecular beam source chambers located inside a cylindrical
stainless steel vacnum chamber with a rotatable base plate and removable top cover
plate. The division of source chambers and additional stages of differential pumping
reduce the background gas contributions inside the main scattering chamber. where
the skimmed molecular beams intersect at 90 degrees on the rotational center of the
apparatus. The in-plane angular scattering is detected by rotation of the internal
components with respect to the fixed liquid-N.,. liquid-He cooled bolometric detector.
which may be placed in one of two positions (A or B) depending on the required
angular resolution. A calibrated vernier etched into the top of the base plate allows
for angular measurements to be taken at 0.1 degree intervals through a range -3 to
95 degrees. A mass spectrometer allows for source gas characterization and TOF
measurements when a rotatable chopper wheel is placed in the bolometer position
B. The eyvlindrical vacuum chamber has dimensions of 473 mm. x 300 mm. < 10
mm. for the height. internal diameter. and wall thickness respectively. The rotat-
able base plate is 50 mm. thick and contains a 3 mm. high lip which fits inside the
inner vacunm chamber. Machined grooves in the base plate allow for a viton o-ring
seal between the base plate and the vacuum chamber. as well as a ball bearing trace
enabling the rotation of the internal components with respect to the chamber and
top plate. Rotation is performed by an electric motor with a chain attached to the

outside edge of the base plate.
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Figure 2.1: In-plane crossed molecular beam apparatus. Bolometer or chopper assembly placed in
position B allows for low resolution differential scatrering measunrerments or TOF analysis. respec-
tively. Bolometer placed in position A allows for high resolution scattering measurements and [R

5[‘](‘(" l'()S('()p_\'.
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211 High-Vacuum System

To obtain high vacuum conditions. diffusion pumps are attached via the base plate to
the primary. secondary. main and auxiliary internal chambers. The primary source
chamber with the higher inlet gas pressures is pumped by a 5300 I/s Varian VHS-
10 diffusion pump. while the secondary source chamber with a much lower gas load
is pumped with 2100 l/s Varian VHS-6 diffusion pump. The main and auxiliary
regions are each pumped with baffled 1600 1/s Varian V'HS-6 diffusion pumps. All four
ditfusion pumps are backed by a mechanical Roots booster pump (Edwards EH-500)
in conjnnction with a two-stage rotary vacuum pump (Edwards E2M173). The mass
spectrometer. which is conveniently separated from the main scattering apparatus by
a resealable UH\ valve. is pumped by two turbomolecular pumps ( Pfieffer TCP300)
of 300 1/5 and 173 I/= and a small Edwards rotary pump.

All operating pressures were measured using Bavard-Alpert ionization gauges with
Perkin Elmer ( DGC-III) and Granville-Phillips (GP270) gauge controllers. The me-
chanical foreline press is monitored with a Varian thermocouple gauge. Typical work-
ing pressures for the various chambers were 107" Torr for the two source chambers.
10=" = 107" Torr for the main scattering chamber. and 50-100 mTorr for the vacuum
foreline. The mass spectrometer is usually kept under ultrahigh-vacuum conditions.

except when monitoring source gases.

2.1.2 Supersonic Molecular Beams

Molecular beams are a common. essential component in the investigation of gas-phase
collision dynamics and spectroscopy [32]. A directional beam of molecules is usually
created by expanding gas at an equilibrium pressure. F,. and temperature. Ty. into
vacunm via a small. thin aperture or nozzle. The flow properties of the expansion
depend on the initial source conditions and the Knudsen number. A’ or the ratio of

the mean-free-path. \. of the molecules in the nozzle to the nozzle diameter. d [14].
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For A, > l. free molecular flow produces a low flux. effusive beam of molecules with
a velocity profile of an equilibrium Maxwell-Boltzmann distribution. However. for
KA. < 1. hvdrodynamic tow produces a supersonic. high flux beam of molecules with
a narrowed translational velocity distribution and relaxed internal degrees of freedom.
Supersonic sources are more suitable for scattering experiments. since they allow for
larger scattering signals. increased directionality. and higher energy resolutions.

The theoryv of supersonic expansions is well developed in the literature [32. 5. 55.
39]. Molecules emanating from a supersonic nozzle undergo many two and three body
collisions which allows conversion of stagnation enthalpy into directed kinetic mass
How. Along a stream line. enthalpy. Hy. is conserved and the general condition for a

nonlinear. polvatomic gas [39] is:

33 Lo
Hy = (5+5+1) 0+ [ Coibrar

- Q

2

2

:(2

where the top set of terms is the initial stagnation enthalphy at T,. and the botrom

3 T., ) . l ,
+ l) kT, + ;L‘Tmt +/ ’ C.rth) dT + Sme” (2.1)
2 0 2

set of terms represent the expanded. relaxed gas with kinetic energy of the directed
mass flow. 1/2 . The final translational. rotational. and vibrational tempera-
tures are T,. T,,.. and T, respectively and C, (r¢b) is the vibrational heat capacity.
The actual relaxation of gas depends on the rates of energy transfer between the
translational. rotational. and vibrational degrees of freedom during the expansion.
Generallv. the translational. rotational. and vibrational temperatures follow the or-
der T, < T,,, < T..[3Y] indicating vibrational modes are the least relaxed degrees
of freedom. The true internal energy partitioning in the expanded beam must be
determined from experimental methods. However. as a rough approximation. it may
be assumed that the translational temperature provides a lower bound (T, = T.,,) for

the rotational temperature of molecules in the expanded molecular beam. This infor-

mation is important in the analysis of scattering experiments where inelastic features
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may be observed. since the total scattering cross sections usually involve an average
over initial states in non-state selected experiments.

[f an equilibrium between the degrees of freedom is assumed. Equation 2.1 can be
rewritten using total heat capacity . C, [82] to give:

| ,

ColTy = T,) = mme- . (2.2)

2

which essentially relates the stream velocity to the stagnation enthalpy of the gas as
before. indicating that the terminal velocity depends primarily on the heat capacity
of the gas prior to expansion.

The supersonic velocity distribution {5. 32. 41] is usually expressed:

ftevde = AVE exp -(l;,“) dr (2.3
2

"

where NV is a normalization factor. r, is the stream velocity. and r,. s the veloc-
ity width. r, and r,. are more conveniently expressed in terms of the experimental

parameters by:
/ 2/»'—[;)':
ry = /———— and v, =
mi~ —1)

(2.4}

where & is Boltzmann constant. rm mass. and ~ = (',/C. is the heat capacity ratio.

A simple analyvsis of Equation 2.3 vields the most probable velocity i, :

l i > > -
Urp = ;(L‘, +\rr + ()l';,) . 12.3)

The most probable velocity is convenient for calculating relative collision energies
and associated wave vectors for the scattering experiments.

For supersonic beams. the local mach number. M. or the ratio of the stream
velocity to the local speed of sound. provides a measure of the beam quality [17. 82].

The Mach number is given by

rop—

e

M=t = = (2.6)
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Typically mach numbers greater than 10. indicate a good quality beam of high
directionality. sufficiently cooled internal states. and narrow velocity distributions.
Using equation 2.2. an estimate of the degree of cooling after the expansion can

be expressed as [32]:

L _
T,

For M > 10. translational temperatures T, are on the order of a few Kelvin for

| 17
[1+50-0ar] (2.7)

room temperature expansions using normal stagnation pressures of approximately
5-10 atmospheres. The high degree of translational cooling from supersonic expan-
sions leads to high energy resolution. which is necessary for resolving interference
structure in differential scattering measurements. By control of source stagnation
temperatures and pressures. the relative collision energy may be varied considerably
(50 me\ to | eV). providing a powerful tool for studying collision dynamics over the
full intermolecular range of the potential energy surface.

The studies in this thesis involve intersection of rare gas and diatomic probe
molecules with unsaturated hydrocarbon target at thermal collision energies of ap-
proximately 100 meV'. [n this energy regime. the collsions are mostly elastic at small
scattering angles. The colliding molecules are considered to be in their ground elec-
tronic and vibrational states with only a few initially populated rigid-rotor states.
Rotationally inelastic collisions should be also considered. since the long hydrocarbon
molecules have small rotational constants thereby increasing the number of accessible

inelastic channels.

2.1.3 Detection

The measurement of scattered intensities requires sensitive detectors and techniques in
order to determine small signals above the background gas collisions. Mass spectrom-

eters and crvogenic bolometers are two common detection methods generally used
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in differential scattering measurements. Mass spectrometers require many stages of
differential pumping in order to increase the sensitivity for detecting small scattered
Huxes. Since differential pumping causes space restrictions. mass spectrometers must
be placed further from the scattering volume. a condition which affects the signal-to-
noise ratio and the angular resolution in an experiment. At the sacrifice of signal. it is
sometimes beneficial to position the detector at greater distances to improve the angu-
lar resolution in order to resolve high frequency diffraction features in the differential
scattering cross section. The positioning of the detector at larger distances from the
scattering center also allows for improved time resolution in the detection on inelastic
features by energy loss experiments [25]. For the experiments in this thesis. the mass
spectrometer serves only as a means to determine the beam quality. concentration of
clusters. and the measurement of velocity distributions by TOF analysis.

Crvogenic bolometers [63] have some advantages over mass spectrometers. They
are compact. require less differential pumping. and are relatively simple electroni-
cally. which allows the bolometer to be placed much closer to the scattering volume.
A bolometer is a energy-flux sensitive device which has a negative coefficient of resis-

tance. a. which is defined by:

_ 1 dT
T RdAR

When cooled to low temperatures. the bolometer resistance increases exponentially

(~)

Q 2.3

and the responsivity of the device becomes very high. Small incident fluxes impinging
on the bolometer surface deposit translational energy! thereby warming the bolometer
and decreasing its resistance. If the bolometer is placed in series with a load resistance
and biased with a battery. changes the changes in resistance of the bolometer can be
monitored as changes in voltage. Figure 2.2 shows the equivalent electrical schematic

of the bolometer circuit.

"For non-sticking molecules. For adsorbed molecules. the heat of condensation per molecule also
needs to be considered.



Figure 2.2: Bolometer electrical circuit. 17 i1s bias voltage. R; is the load resistance. Ry is the
bolometer resistance. and 1} the output signal voltage.

The bolometer output voltage. V. due to the applied bias voltage. V,. is given

by:

__ R
T RyT)+R

where Ry (T') and R; are the bolometer and load resistances. respectively.

s (2.9)

Figure 2.1 shows the actual liquid-He. liquid-N, cryvostat that provides the low
temperature heat bath for sensitive operation of the bolometer. The bolometer is
mounted onto a copper block in thermal contact with the liquid-He dewar and pro-
tected from background radiation by a series of shields and apertures. Operating
temperatures of approximately 1.7 K are obtained by pumping on liquid-He through
1ts .\ point transition with a two-stage rotarv pump. For a 9 \'. bias battery volt-
age and 10 MQ load resistor. 1-2 microamps of current corresponds to a few volts of
output signal at constant beam flux.

The bolometer responsivity and noise characteristics can be determined by mea-
suring the current-voltage ([-V) response curve®. The responsivity. S(0). at the op-

erating point was determined to be 3.1 x 10> \'//W. The defining noise characteristic

“For a description see references [21. 121. 63]
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of the bolometer is given by the noise-equivalent power. VEP. which is the lowest
signal voltage equivalent to the voltage noise to give a signal to noise ratio of unity

at unity bandwidth [35]. The NEP is defined by :

‘:‘O‘-’C
NEP = o5 2.10)
3(0) ‘

where 17 .. is the voltage noise and S (0) is the responsivity. For ..., =35.0 nV
at 1.7 K. the NEP of the bolometer was determined to be 1.6 < 10~ W / /H=.
which corresponds to a lower limit detection sensitivity of approximately 10° to 10"
molecules/s under typical beam Hlux and operating conditions.

A tremendous improvement in the signal-to-noise ratio is gained by modulation of
the molecilar beams and application of phase-sensitive lock-in detection techniques
[35. 116]. AC signals are easier to amplify and the use of a modulated reference sig-
nal in combination with low-pass filtering has the advantage of decreasing the noise
bandwidth considerably. Phase-sensitive lock-in detection essentially multiplies the
bolometer signal voltage with a reference signal generated from modulation of the sec-
ondary heam with a 50% chopper. The bolometer voltage is given by Vi sin (it +0,,,)
and the reference signal is 1} sin (w, + 0..7). The multiplication of the two AC voltages

by the phase sensitive detection [116] gives:
‘;)szl = ‘;)‘;-Si[l(w'l)t +0513’5in(\-‘:rl +0r»f)
Lo...
= .—;"’)"rcos([‘;’)—‘-‘-'rl["i'asxg_yraf)
.. , ,
—'.-)"5‘,-COS([‘.¢5 +w’,~]t+0,,:] T’O,—.j} . (l.ll)
The phase sensitive detection gives two signals at the difference and sum frequen-
cies. respectively. The sum frequency signal is removed by low-pass filtering. and

the difference signal vields a DC voltage proportional the amplitude of the bolometer

voltage. Since bolometer and references are at the same frequency. w, = ... Equation



2.11 can be expressed as:

) ...
‘p_.,,j = ;‘rl,‘rCOS((),"g—grtI) . (21.’.)

A matching of the signal and reference phases. 8,,, and 0,.;. repectively. gives an

optimal DC signal which can be integrated using standard data acquisition techniques.

2.2 Total Differential Scattering Experiments

221 Procedure

The total ditferential scattering cross sections of the rare gases and diatomic molecules
with acetylene. ethylene. allene. diacetylene were measured using the experimental
setup shown in Figure 2.3. Primary-probe and secondary-target molecular beams are
generated in separate differentially pumped source chambers. skimmed. and intersect
at 90 degrees on the rotational axis of the scattering apparatus. Fiftv-percent mod-
ulation of the secondary target gas provides a reference signal for the phase sensitive
lock-in detection of the scattered probe flux. The angular position of the detector.
or lab angle. is determined from the primary probe beam direction. which has a sec-
ond collimating skimmer to allow for improved angular resolution. The He cooled
bolometer collects the scattered flux and the signal is amplified near the source and
differentially supplied to the lock-in. The demodulated analog DC signal is then
digitally converted and integrated using a small personal computer to sive sufficient
signal-to-noise. A controllable beam Hag is used to block the probe heam to correct
for changing background gas contributions to the detected scattered flux. Modulation
of the target beam inside the secondary chamber changes the background gas loading
in the main scattering chamber at the reference frequency and thus contributes to
the measured signal. The signal intensity at a chosen reference angle is periodically
remeasured and used to renormalize the scattered signal to correct for changes in

detector sensitivity and heam conditions over the course of the experiment.



The experimental procedure for measuring the total differential scattering cross
sections therefore requires the determination of four quantities for each angular data

point. The signal intensity at a given position of the detector. [ (#) may be expressed

as:
L., (0)— [, (0 ,
119) = 2ot = D t0) (2.13)
[.stg ({)ref) - [’)g (01'2!)
where 1,,, (8) is the measured scattered flux at a given angle. [, (6) is the background

contribution to the scattered flux at the same lab angle. [, (8,.5) is the scattered
signal intensity at the reference angle. and [, (0,.5) is the background contribution

to the scattered signal at the reference angle.
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2.2.2 Source Gas Preparation and Diacetylene Synthesis

Source gases He. Ne. Ar. H,. N, NO. CO. CyH,. and C,H, of at least Y9% purity
were obtained commercially from various vendors. The less common hydrocarbon
gas. allene. was purchased from PCR. Inc. at 97% purity. Diacetyvlene gas was
svnthesized according to procedure outlined by Armitage et. al[7] as follows. Small
gram quantities of C';H, were svnthesized by the dropwise addition of 40% sodinm
hydroxide to 1-4 dichcloro-2-butyne (Aldrich) dissolved in research grade ethanol.
Evolved € H. gas was captured in stream of lowing He gas. bubbled through a 137
NaOH sotution. dried with CaCl,. and finally. condensed in a glass trap at liquid-N.
temperatures.

Purification of the diacetylene was carried ont by vacuum distillation using various
organic solvent-dry ice baths and several pump-freeze cvcles. Observed vapor pres-
sures at the distillation temperatures. measured using a crude thermocouple gauge.
agreed roughly with published thermophysical data [I15]. The isolation of the di-
acetylene gas was confirmed using FTIR analysis of low gas pressure samples ( 10-30
Torr) in a NaCl cell. The FTIR spectrum of a isolated diacetyvlene is shown in Figure
2.1. The observed transition frequencies at 7 = 3330. 2020. 1240. and 630 cre ™" agree
well with previously published [R spectra [63. 112]. Mass spectrometric analysis using
electron impact ionization showed predominate mass peaks at 50. 19. and 25 amu. re-
spectively. The relative MS intensities were accordance with published mass spectral
reference data {1]. From these analyses. the overall purity of the diacetylene gas was
estimated at about Y0%. Diacetylene is unstable and known to decompose violently
[L13]. therefore samples were stored at dry-ice temperatures until experiments were

performed.
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223 Scattering Systems

This section reports the total differential scattering cross sections of twentv-one sys-
tems. The He and H; scattering results are presented in Tables 2.1-2.3 and Tables
2.1-2.6. Tables 2.7-2.13 show the results for Ne scattering at both low and high an-
gular resolutions. The Ar results are presented in Tables 2.14-2.16. The results for
N.. CO. and NO scattering are given in Tables 2.17-2.13. 2.19-2.21. and 2.22-2.24.

respectively. For each experiment an almost identical procedure was followed:

l. Stable high vacuum conditions were established and the bolometer was cooled to
approximately 2 K. After about 2 hours of pumping. the bolometer was allowed

to reach an equilibrium voltage condition under no gas load.

2. The primary and secondary beam stagnation pressures were adjusted to give
sufficient signal while taking care to prevent both the overloading of diffusion
pumps and the condensation of the molecular beams. The vacuum conditions
were allowed to reach a steady-state as monitored by stabilization of the working

background pressures in each of the differentially pumped chambers.

3. The detector angle was adjusted to the reference lab angle and the lock-in signal
was optimized by matching the phases of the chopper reference and scattering
signals. The voltage noise was minimized by adjusting the reference frequency
(approximately 37H ). the lock-in time constant (1-3 s.). and the pre-. post-.
and line-filters. For most experiments approximately 504}" of signal and 100n1"

of noise were measured at the reference angle.

1. The sensitivity of the lock-in was chosen to maximize the DC output on the
DACA board over the range of lab angles measured. At the beginning of the
experiment. the signal at the reference angle was continuously remeasured until

three consecutive measurements agreed to within one standard deviation.
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5. The detector was positioned at a given scattering angle and the unflagged.
[,.;10). and flagged. [;,(0) . signals were recorded. Each data point involved
approx. 2-3 minutes of averaging depending on the scattering angle. In general.
angular points were determined from 2 - 30 degrees in various degree inter-
vals. Anywhere from 30 to 60 experimental data points were measured for each

scattering cross section.

6. Every fourth data point. the detector was repositioned at the reference angle and
the renormalization signal in the unflagged. [i,(0..f). and flagged. [, (0,.;).
configurations were measured to correct for changes in beam intensities and
bolometer sensitivity. A linear interpolation procedure was used to correct the
angular data points that were measured hetween reference points. In general.
the renormalization signal varied by no more than 3-10% over the 10-12 honr
duration of an experimental run. In experiments with the more condensible
gases. the bolometer sensitivity seemed to change most significantly at large
angles. probably as a result of the coating of the bolometer surface by probe

and target particles.

To determine the operating parameters of the molecular beam apparatus and to
test the experimental procedures. the He-Ar differential scattering cross section was
measured. The He-Ar results are an essential component of our analysis procedure
and will be discussed later in Chapter 5. Further. to check the consistency of our
methods. the total differential scattering cross sections of He-C, H, and Ar-C,H., were
reproduced in accordance with previous experiments performed in our lab by Yang
[126. 127]. Many other experimental tests were performed to check the sensitivity of
the bolometer. the effects of background gas loading. the signal averaging techniques.
and rhe overall stability of experimental conditions. \We estimate the uncertainties in

cross sections to be around 5 and 10 percent at small and large angles. respectively.



Table 2.1: Helium - Ethylene scattering data.

[(9)

[(0)

[(8)

1450.0

9424
65-4.1
146.7
2434
1344
103.3
99.7
100.0
101.1
L18.6

140.3
137.1
106.4

67.1
3914

39.1
30.0
23.0
19.3
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Table 2.2: Helium - Allene scattering data.

0 1(9) 6 1(0) 0 1(6)
9.8 24.0 13.8 [1.1 [8.3 10.6
10.3 21.3 1.1 10.7 19.3 10.4
10.5 20.3 [+.3 10.6 19.3 10.3
10.v 20.5 1.5 t1.1 20.3 1.0
10.3 20.6 1.3 [1.9 20.3 10.5
[1.0 20.7 15.3 2.7 21.3 10.5
1.3 20.4 15.3 124 21.8 10.3
LL.s 20.6 16.3 LL.7 223 10.5
12.3 19.5 16.8 10.9 228 10.1
12.38 16.3 17.3 10.6 23.38 9.6
13.3 13.1 17.3 10.2 248 9.t

13.6 11.9 13.3 10.2




Table 2.3: Helium - Diacetylene scattering data.

o [(0) 0 [(0) 0 [(6) Y [(8)
3.9 153.5 Y 4.2 13.9 12.0 13.9 10.5
bt 232.9 9.4 3.3 144 1.3 19.4 10.6
1.9 202.7 9.9 228 14.9 LL.1 19.9 10.7
3.4 [41.2 10.4 19.3 154 12.1 20.9 10.2
3.9 100.0 10.9 20.7 15.9 12.1 21.9 9.4
6.1 NO.8 1.4 207 16.1 12.1 229 9.7
6.9 EN LL.Y 219 16.9 L1.6 23.9 9.5
Tl 70.7 12.4 20.4 174 11.1 2149 9.5
Y 65.3 12.9 17.0 1.9 10.5

Nod 56.7 3.1 13.3 134 10.0




Table 2.4: Hydrogen - Ethylene scattering data.

f [(0) 0 [(0) 0 [(6)
2 3196.3 3.3 192.4 15.3 66.9 R
3.3 EATRN 9.3 2153 15.8 60.3 2
3.6 2013.2 9.8 2319 16.3 51.4 23.3
3. 16210 10.3 232.0 16.3 10.0
L3 L1764 10.8 2017 17.3 31.3
£S 1032.0 [1.3 160.9 17.8 247
3.3 1076.1 NI L15.2 8.3 25.6
a8 1000.0 12.3 H.2 3.8 27.2
6.3 N29.7 12.8 Al 19.3 28.6 .8
5.3 606.6 13.0 47T 19.3 30.1
.3 413.0 13.1 175 20.3 29.1 .8
V.S 264.4 13.3 8.4 20.3 28.6
! 196.1 13.3 5.6 21.3 25.7 .3
5 182.9 1+.3 6L.9 21.3 23.9




Table 2.5: Hydrogen - Allene scattering data.

34

0 [(8) 0 1(9) 0 [(6) 0 [10)
2.8 5331.1 9.6 267 .4 17.3 62.7 248 24.2
3.3 2966.7 10.1 2143.0 17.8 53.9 253 234
.8 R 10.6 213.2 13.3 15.2 25.3 243
k1 1371.0 L1.1 190.0 [8.3 387 26.3 24.2
bt 1236.7 1.6 166.3 19.3 329 26.3 220
). 1 L4201 12.1 L17.3 19.3 35.4 27.3 20.4
3.6 1055.1 12.6 129.9 20.3 35.6 27.3 23.2
. 1000.0 13.1 L12.9 20.3 39.1 233 19.1
fi.1 901.5 3.6 96.0 21.3 40.2 25.8 3.1
6.6 6984 [4.1 322 21.3 375 29.3 179
i1 336.3 1-4.6 2.4 223 36.2 29.3 8.1
) +11.0 15.1 67.3 2208 31.2 30.3 15.1
N.1 340.9 15.6 70.2 23.3 23.2

N.6 307.5 16.3 0.5 23.3 241

9.1 286.5 16.3 64.6 24.3 23.3




Table 2.6: Hydrogen - Diacetylene scattering data.

f [4) 0 [{6) 0 [(8)
A 11-43.0 10.0 2429 15.5 SLT
2.0 1055.3 10.5 226.2 16.0 SL.4
6.0 3781 11.0 216.1 16.5 3.3
6.5 T 1.5 202.3 17.0 .1
3.5 1000.0 12.0 183.1 1v.5 0.1
7.0 620.1 12.5 153.5 13.0 63.7
7D H12.4 13.0 136.3 13.5 56.5
0 125.9 13.5 1140 19.0 £3.6
3 359.0 4.0 96.6 19.5 b5
9.0 303.3 145 NT.3 20.0 0.4
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Table 2.7: Neon - Acetylene scattering data.

36

0 [18) ) [(6) 0 [(6) 0 [(6)
1.9 1613.6 1.3 252.0 10.3 19.1 16.3 15.0
2.0 1491.5 L2 1809 10.3 17.3 16.8 15.1
2.2 1230.0 5.3 131.1 11.3 16.6 17.3 15.0
2.4 1015.7 5.3 100.0 [1.38 16.3 [7.3 [4.8
1.6 N29.5 6.3 3.7 12.3 16.1 13.3 15.0
)N TIS8.1 6.3 3.1 12.8 15.3 1338 15.2
3.0 619.5 7.3 16.0 13.3 15.0 19.3 13.9
3.2 313.5 7.3 37.3 13.8 15.3 19.3 15.3
3.4 171.1 S.3 314 4.3 4.3 20.3 13.6
3.6 103.9 3.3 26.6 [+.3 4.9 21.3 4.7
§.8 375 9.3 234 15.3 15.0 228 [4.8
.0 293.3 0.3 21.0 15.3 15.1 23.8 16.0




Table 2.3: Neon - Ethylene scattering data.

37

0 [16) 0 1(9) 0 [(8) 0 [(0)
2.0 1493.3 .0 59.3 13.0 12.9 19.0 12.1
2.5 9739 .5 1.3 13.5 12.6 19.5 12.2
3.0 655.4 3.0 33.2 14.0 12.5 20.0 12.3
3.5 168.7 3.5 31.6 145 2.2 21.0 11.6
L0 J28.5 9.0 26.6 15.0 12.1 22.0 12.0
L2 239.0 9.5 23.0 15.5 12.0 23.0 12.1
35 285 10.0 20.1 16.0 12.0 21.0 12.2
ED 2413 10.5 18.2 16.5 1.3 25.0 11.6
.0 1vv.l LL.0 6.4 17.0 [1.9 26.0 [y
3.9 131.3 LL.5 13.5 L7.5 12.0 27.0 12.1
fi.0 100.0 12.0 L4 13.0 12.0 23.0 12.2
6.9 6.6 12.5 13.6 18.5 [1.9




Table 2.9: Neon - Allene scattering data.

[(6)

0

[(0)

0

[(6)

0

[(8)

13771
997.0
659.5

9.1

63.1

50.2

13.0

9.1

o
-

ot
(=]

19.0
19.5
20.0
21.0
22.0
23.0
24.0
25.0
26.0
27.0

28.0

6.6
6.7
6.9

6.9
6.9




Table 2.10: Neon - Diacetylene scattering data.

39

0

[(6)

100.0
N1.0

65.43
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Table 2.11: Neon - Acetylene scattering data at high resolution.

[(6) 0 [(9) ¢ [(6) 0 [(0)
34041 3.6 666.-1 5.6 195.6 7.3 62.2
27339 }.23 378.9 5.3 171.1 3.0 59.2
21144 1.0 523.3 6.0 153.2 3.2 349
L7194 1.2 132.0 6.2 132.0 3.4 52.8

100.0 1.4 123.3 6.4 1217 3.6 52.0
L4973 4.6 356.3 6.6 110.3 3.3 16.5
1329.3 1.3 297.3 7.0 91.3 9.0 13.5
L156.5 5.0 260.6 7.2 831
938-4.0 5.2 236.1 7. i-+.0
R03.0 5.1 219.4 i.6 66.7




Table 2.12: Neon - Ethylene scattering data at high resolution.

(]

=~

v

79
(8

¢ [(6) 0 [(9)
2771 3.4 1353 3.2 2349
22532 3.6 6-49.5 2.4 212.0
0 3.8 3122 3.6 I31.3 T
15034 L0 520.2 5.3 165.1 T
100.0 1.2 157.8 6.0 145.3
L343.7 1.4 101.5 6.2 13L.5
1209.5 L6 336.4 6.t 120.8
1045.5 LS 296.1 6.6 110.2

Y15 5.0 255.7 7.0 39.1

“

o



Table 2.13: Neon - Allene scattering data at high resolution.

UJ [(9) 0 [(6) 0 1(6) 0 [(8)
.8 1727.2 1.0 401.2 6.4 122.6 9.0 39.6
2.0 [-416.-4 1.2 3647 6.6 113.6 9.2 371
22 LLvE2 4.4 32401 .0 92.3 9.4 341
2.4 1016.5 1.6 298.0 1.2 32.5 9.6 33.7
6.3 100.0 .3 266.9 it T4 9.3 29.9
2.6 914.3 5.0 243.5 7.6 69.5 10.3 26.3
2.8 N1 3.2 221.2 0.3 63.5 10.3 219
3.0 2.2 a4 193.4 3.0 60.6 1.3 214
3.2 6223 5.6 179.0 N.2 56.2 1.3 19.0
3.1 362.5 5.8 1621 S 524
3.6 5041 6.0 150.7 3.6 16.4
§. 1614 6.2 137.1 3.3 131




Table 2.14: Argon - Ethylene scattering data.

0 [(0) 0 [(6) 0 [(0)
2.8 1539.3 3.0 357.1 12.3 103.0 145.2
3.3 1095.5 s.1 343.2 12.3 90.6 5.2
3.8 N31.9 3.3 329.7 13.3 9.2 3.
£.3 H98.2 8.5 3128 3.3 (LT

X 617.2 N 287.0 143 6.4
.3 363.0 9.3 250.5 [4.3 5Y.2
).N H24.2 9.3 216.6 15.3 35.4 2
6.3 192.1 10.3 135.5 5.8 52.2 134
6.8 153.0 10.3 153.2 16.3 50.5 .0
.3 HILS 11.3 138.2 16.3 43.0




Table 2.15: Argon - Allene scattering data.

iu

[(6)

[(9)

1.3
100.0
92.0

9.7

9.3

9.9

10.0
10.1
10.2
10.3
10.4
10.5
10.6
10.7
10.3
10.9
[1.0
tL.1
1.2
11.3
114
LL.:

]

LL.6

51.0
19.4
19.1

13.6

(1]




Table 2.16: Argon - Diacetylene scattering data.

0 [(0) 0 1(6) 0 [(6) 0 [(0)
2.2 1.3 1.5 9 13.5 30.4 20.0 15.5
2.3 ART.T 3.0 69.9 1-+.0 23.4 210 4.7
2.8 162.3 8.5 65.0 14.5 26.6 22.0 13.6
3.0 396.6 9.0 60.5 15.0 249 23.0 13.1
3.5 2880 9.5 56.0 15.5 234 24.0 12.4
1.0 2135 10.0 52.0 16.0 21.5 25.0 L1.9
£5 169.9 10.5 43.3 16.5 20.8 26.0 LET
3.0 135.0 [1.0 417 17.0 19.9 27.0 10.7
3.9 116.1 IL.5 41.2 L7.5 19.1 23.0 10.2
6.0 100.0 12.0 384 13.0 17.9 29.0 10.3
6.5 9.5 12.5 35.3 13.5 L7.4 30.0 9.8
i) S1.0 13.0 32.9 19.0 16.6




Table 2.17: Nitrogen - Ethylene scattering data.

16

0

[(6)

[(0)

1(0)

263.2
193.9
161.2
133,
123.0

2

]

110.3
100.0
NOT
NO.1
1.6

10.3

62.9
53.1

17.6

144
12.9

]}

6.

<

2

(B




Table 2.18: Nitrogen - Allene scattering data.

+7

0 [(6)
L0 [36.4
L 150.0
5.0 126.3
3.9 110.9
6.0 100.0
6.9 893
7.0 N2.5
) 5.0
N 67.3
N2 65.6
b 62.6
N 60.3
N.O 3.4
NN 575
9.0 55.0
9.2 53.2
9.1 513
9.6 19.1
9.8 k7.0

0 [(8) 0 [(6) 0 [(6)
10.0 7 13.8 20.4 17.6 12.7
10.2 43.0 1+.0 20.0 178 12.8
10.1 10.7 1-+.2 19.1 13.0 13.1
10.6 39.6 114 134 13.2 12.5
10.38 379 1+.6 17.3 13.4 12.5
11.0 36.1 143 17.0 18.6 13.2
1.2 S 15.0 16.9 8.3 12.6
L.t 334 15.2 16.5 19.0 12.6
11.6 3L.6 15.4 15.8 19.2 12.6
LL.S 30.3 15.6 15.8 19.5 12.2
12.0 29.5 15.8 15.1 20.0 LY
12.2 28.4 16.0 15.2 20.5 12.1
12.4 26.3 16.2 [4.6 21.0 12.0
12.6 26.0 16.4 1.2 215 10.7
12.8 245 16.6 13.9 22.0 L1.6
13.0 241 16.3 13.3 225 1.2
13.2 22.3 17.0 13.8 23.0 10.7
13.4 22.3 £v.2 13.3 23.5 10.8
13.6 21.3 17.4 13.3 24.0 3.9




Table 2.19: Carbon Monoxide - Acetylene scattering data.

V.2

0 [(6) 0 [(0)
.3 65.3 12.38 20.3
8.3 A8.7 13.3 18.2
3.8 52.0 13.3 16.7
9.3 146.1 [4.3 15.3
9.8 k1.2 [-£.38 4.1
10.3 36.1 15.3 13.0
10.3 32.0 15.8 12.1
1.3 28.8 16.3 L1.4
IL.s 25.4 16.3 10.9

.
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-1
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Table 2.20: Carbon Monoxide - Ethylene scattering data.

19

0 [6) 7 [(0) 0 [(0) 0 [9)
2.3 273.3 V.3 65.7 2.3 I3.7 17.8 3.4
3.3 202.6 8.3 53.6 13.3 16.5 13.3 3.2
§.8 164.1 8.8 51.9 13.3 14,7 13.3 S.1
L3 139.6 9.3 16.0 14.3 13.4 19.3 R
N [22.38 9.8 0.7 BN 12.0 20.3 T
5.3 [11.0 10.3 35,7 15.3 L1.0 21.3 7.0
AN 100.0 10.3 31.2 15.8 10.2 223 T.1
6.3 90.3 11.3 274 16.3 9.1 23.8 6.9
t.N NLS LS 242 16.3 9.1 243 6.9
.3 3.1 12.3 21.2 17.3 3.8




Table 2.21: Carbon Monoxide - Allene scattering data.

0 [(6) 0 [(6) 6 [(0)
9.0 31.5 1.5 20.0 20.0 14.1
9.5 4.3 15.0 13.3 20.5 14.5
10.0 3.6 15.5 17.6 21.0 13.3
10.5 39.6 16.0 L7.0 21.5 13.2
[1.0 35.1 16.5 16.5 22.0 12.4
tL.5 2.1 17.0 15.6 22.5 12.7
12.0 29.5 17.5 16.0 23.0 12.0
12.5 26.3 13.0 [5.9 23.5 L4
13.0 24.2 18.5 15.6
13.5 23.3 19.0 I-+.9

1.0 21.0 19.5 1.3




Table 2.22: Nitric Oxide - Acetylene scattering data.

0 [(8) 0 1(6) 0 [(6)
3.3 60.2 13.3 212 13.3 10.9
3.3 337 13.3 19.0 13.3 10.5
9.3 13.8 I-t.3 1v.2 19.38 9.7
9.3 13.3 LES 15.7 20.3 9.4
10.3 39.0 15.3 (B 2138 3.6
10.38 35.1 1538 13.3 22.8 s.1
1.3 315 16.3 12.9 23.38 i
I1.3 23.3 16.3 12.3 258 i1
12.3 25.7 17.3 L1.3




Table 2.23: Nitric Oxide - Ethylene scattering data.

)

o

f [(9) ] [(9) 0 [(6) 0 [(0)
3.3 201.6 3.3 57.3 13.3 15.4 13.3 7.3
J.N 163.5 3.3 50.3 13.3 13.7 3.3 7.9
L3 139.7 9.3 b 14.3 2.1 19.8 T4
LN 123.0 9.3 39.0 4.7 1.3 20.3 7.2
5.3 [LL.0 0.3 3.1 5.3 10.2 21.8 7.0
3.8 100.0 [0.3 294 15.3 9.3 22.8 6.7
6.3 9.6 1.3 25.9 16.3 S.7 23.8 6.6
6.8 S1.0 [1.8 223 16.3 S
T3 T2 12.3 19.3 7.3 S.2

TN 644 [2.3 17.2 7.3 3.0




Table 2.24: Nitric Oxide - Allene scattering data.

0 [(0) 0 [(6)
10.0 314 16.5 184
10.5 16.3 17.0 |
11.0 12.6 17.5 16.3
LL.S 33.9 13.0 16.2
12.0 35.4 18.5 15.8
12.5 32.6 19.0 15.4
13.0 30.0 1Y.5 15.1
13.5 27.6 20.0 L4.7
1-£.0 23.3 20.5 13.4
[-£.5 23.38 21.0 13.4
15.0 22.2 215 12.3
15.5 20.9 22.0 12.4
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2.3 Time-of-Flight Analysis Experiments

An essential piece of information required for analyvzing the total differential scattering
data is the velocity distributions of the probe and target molecular beams. The
velocity of an atom or molecile can be determined by measuring the time it takes
the particle to travel a known distance. A supersonic beam with a distribution of
velocites will therefore have a corresponding distributions of flight times.

Figure 2.5 shows the experimental setup to measure the time-of-tlight (TOF) dis-
tributions of the molecular beams under the same experimental conditions as the scat-
tering experiments. Supersonic gases from the primary and secondary beam sources
are directed towards a high speed chopper wheel assembly. which is placed in posi-
tion B of the scattering apparatus. The 33 mm. diameter chopper. rotating at 100
Hz. creates brief 6 ps pulses of gas that spread in time due to the slow and fast
velocity components.  After traveling a fixed flight path. the particles are ionized
by electron bombardment. mass filtered. and detected with a channeltron electron
mutltiplier. The Extrel C50 mass spectrometer is operated in pulse-counting mode
providing TTL logic pulses proportional to the ion density per unit time. An EGAG
Ortec multichannel scaler (MCS) collects the digitized signal in many channels at 2
ps intervals after being triggered with a start pulse from the timing output of the
chopper. To improve the signal to noise ratio. the signal is histogrammed over many

passes to build-up the TOF distribution.
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The absolute timing of the TOF distribution is accomplished with a LED - pho-
todiode circuit which provides the logic start pulse to trigger the internal clock of
the MC'S. The chopper wheel has two diameterically opposed slits. allowing a voltage
pulse from the LED - photodiode circuit to be generated as the bottom slit rotates
through the gas beam. Because there are two slits. the 400 Hz chopper creates 6 us
pilse every 1.25 ms. The complete time-window of the MCS board is determined by
the period between pulses. corresponding to 625 channels at 2us intervals.

The actunal timing is not exact and two corrections are needed to obtain an accurate

TOF distribution as follows:

L. The two diametrically opposed slits are not exactly [30 degrees opposed. thus
a small delay occurs in the TOF for rotation of the disk in one direction. This
is corrected by also measuring the TOF with the chopper rotated in the re-
verse direction. Since the time delays in the two rotation direction are exactly

opposite. the data can be averaged to cancel the delay.

2.\ correction must be made for the time the particle spends in the mass spec-
trometer. After the particles are ionized they are accelerated and an additional
tlight time contributes to the total tlight time. The chopper assembly may dis-
tance mayv be placed in two positions to determine the quadrupole flight length
independently. Since the ion energy is known. the quadrupole flight time may

bhe determined and subtracted after the first correction is made.

The total Hight time for the chopper rotated in the tforward direction is:

TOFfuruwu"l = Tr.. + T"l + Tlf (2-[‘1)

where T, is the neutral flight time. T, the quadrupole flight time. and Ty is the delay
time in the forward direction. Similarly. the total flight time for the chopper rotated

in the reverse direction is:



TOFreuerse = Tn. + T'rl + T:lr (2'13)

and Ty is the delay time in the reverse direction. Since Ty = —T,,. equations 2.14

and 2.15 can be summed to give:

L
Tn = ;’( TOFf(,ru_-rgrvl + TOFruL'rr'st) - 7"!] (2-[6)

The correction for quadrupole flight time. T, can be directly calculated from the

I 2qF;.. -
T,,z——'- and rt,:\/q— (2.17)
l',, r

where [, is the quadrupole length. r, is the ion velocity calculated from the charge. ¢

equations:

with mass. rn. and ion energy. E,,,..

The previons equations express the TOF of a single particle. ['sing the simple
relationship ¢ = [/t. we can derive the TOF distribution f(¢)dt from the known
velocity distribution given in Section 2.1.2. The conservation of flux implies that
fihrdt = f(r)dr. Since the MS ionization probability is proportional to 1/r. the

TOF distribution becomes:

)

| i ) P [ A .
:f‘l”([f‘:Yf([/f)(—[/[-)(ltz—_’l (f—'-) exp —F(;—G) dt (2.13)

where 4. F. and ( are constants which can be determined in terms of the neutral

flight length. [. the stream velocity. r,. and the velocity width r,. as:

)

. [-
G = ,—It and F=—. (2.19)
2

"

By applving the TOF corrections. the averaged TOF distrubtions may be fit to

determine the parameters [.* . F.and G from which the velocity information may be

*The neutral flight length in near and far positions were determined to 533 mm. and 636 mm..
respectively. by assuming the atomic gas stream velocities were given by Fq. 2.4



]
[#74]

determined. A previously developed nonlinear least-squares fitting procedure [21] was
used to determine the TOF parameters with quite good accuracy. The flight times
are estimated to be accurate to within 2-3% given the uncertainties in flight lengths.
chopper frequency. and the discrete time sampling of the MCS. Figure 2.6 shows the
fitted TOF spectra for the rare gases. diatomic molecules. and unsaturated hyvdrocar-
bons. The results of the non-linear least squares procedure and the quadrupole delay

corresections are presented in Table 2.235.
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Table 2.25: Fitted TOF parameters for atomic. diatomic. and polyatomic gases.

NEAR Position FAR Position
A F G A F G 12 T,

Svstem <107 x10® <1077 x<10°'Y x10®  «<10~F m/s s

He 078 3.34 3.10 161 2.33 3.57 26376 10
Ne [.7Y 1.53 35.7 3.6-1 1.23 63.6 L1970 24
Ar 6.75 1.09 53.6 8.25 9.11 S 3508 32
H, 0Lv 1.90 2.381 037 L13 5.29 IFRYE N
AW L.36 1.50 6.24 3.72 .26 3.91 10160 28
O L.S7 1.50 6.4t 3.76 1.26 9.4 10159 23
NO L.97 L7 3.7 3.99 1.23 1.62 9316 23
C,H, .66 1.53 L7t 3.35 .28 2,41 10538 26
', H, L.70 1.50 L.54 3.2 L.27 2.15 10152 23
¢, H, 234 .38 AT +.74 .16 2,17 3495 32
CyH, 2.99 1.31 [.23 6.14 1.03 1.93 THY8 34

The determined velocity distributions for all the source gases are presented in Ta-
ble 2.2G. Stream velocities range from approximately 600 to 2700 m/s for the heaviest
and lightest gases. respectively. The measured velocities agree with predictions nsing
Equation 2.1 to with in 1-3%. The largest discrepancy in the stream velocity data
is for I, which is known to be less relaxed due its large rotational constant [47. 32].
Special consideration of the H, spin statistics should also be taken into account. The
actnal measured velocities agree very well with measurements of velocity distribu-
tions of supersonic gases in other molecular beam experiments [[24. 21. 121]. The

measured velocity resolutions are found to be around 1-10% for the expanded gases.
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The diatomic and polyvatomic gases have the largest velocity widths. primarily due
to the lower stagnation pressures used to avoid condensation. The determined Mach
numbers indicate high quality supersonic beams for the atomic and diatomic gases

(.M > 10) and slightly supersonic beams for the hydrocarbon gases (M < 10).

Table 2.26: Velocity pararmeters for atomic. diatomic. and polyvatomic gases.

System mass - Py To ry "y Ump M
amu KPa Kelvin m/fs m/fs m/s
He 1.0 1.67 1000 310 1796 B} 1301 24
Ne 20.2 L.67 700 310 s1Y 23 320 29
Ar 39.95 L.67 200 310 533 25 235 23
tH, 2.02 L.40 500 310 2660 101 2666 26
A 23.0 L.10 100 310 303 67 St 12
O 23.0 1.40 300 310 30 63 S12 12
NO 30.0 L.10 200 310 8T 95 304 3
(,H, 26.0 1.0 50 310 SIS 130 S48 6
C,H, 23.0 1.33 50 310 306 137 S40 6
'y Hy 10.0 .33 50 310 2 142 T34 5
Oy H, 50.0 .40 30-25 310 690 147 Y 5

The rotational populations of the hydrocarbon molecules may be estimated by
assuming an equilibrium between the translational and rotational degrees of freedom
in the supersonic expansions as mentioned earlier. Table 2.27 gives the rotational
constants of the unsaturated hydrocarbons from the literature [93. 72. 75. 79]. the
measured translational temperatures. estimates for maximum of the initial popula-
tion of rotational states. j,...' and an estimate for the number of open channels.

\,.* at approximately 300 K relative collision energy. The effect of decreasing the

4 jmar was obtained by a sum over states at T, using linear molecule rigid-rotor partition function
[20] and E; = B j(j+ 1).

*The nutuber of open channels was estimated by N, = E/E;.
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rotational constant from C,H, to C H, leads to 3-fold increase in the number of open
rotational channels. The higher translational temperatures as determined from the
TOF analysis also leads to a larger number of initially populated rotational states.
The true rotational populations of the hydrocarbon beams should be obtained from
spectroscopy. [n a previous study. Yang showed that the [0S total differential scat-
tering cross sections for He-C»H, in j; = 0. 1.2 gave similar. almost identical. results
[126. 121]. The estimates for the number initial rotational states for C,H, presented

here also agree with those obtained in an earlier analysis of C,H, molecular heams

[l'.’ l i
Table 2.27: Rotational Population Analysis of Hydrocarbons
Rotational Constants

__i B ( ” T, _] mar '\’J
Molecule crn”! crn”! ern” N
C.H., L1177 26 3 20
(', H, 1865 1.001 0.3231 32 4 22
O H, 1.812 0.2963 0.2963 47 T 42

'y H, 0.1464 6-4 12 Bh




Chapter 3

SCATTERING THEORY

3.1 Introduction

The goal of this chapter is to elucidate the non-reactive scattering dynamics of thermal
molecular collisions in the classical. quantal. and semi-classical regimes as theyv per-
tain to the total differential scattering measurements. In particular. we are primarily
concerned with relating the total differential scattering cross section to the underlying
intermoleciular potential energy surface which governs the scattering process. Clas-
sical mechanics provides an intuitive understanding of the scattering dynamics. but
it ultimately fails to quantitatively predict the scattering features in high resolution
experiments [30. 70. H]. An accurate description of the scattering features can be ob-
tained using quantum mechanics. since this formalism properly includes interference
effects and the quantization of internal states of the system [7L. 31. 101]. Unfortu-
nately. a full quantum mechanical solution is not always computationally feasible for
all scattering problems. therefore approximate methods are required in order to make
the problem more tractable without significant loss of accuracy. In many cases. semi-
classical methods can provide an accurate description of the scattering dynamics with
less computational effort [71. 35. 44. 33]. The efficient calculation of scattering cross
sections is tremendously beneficial in the analysis of scattering data. especially when
experimental averaging and re-iterative fitting procedures have to be considered in
the comparison of the theoretical and experimental results.

[n general. the calculation of the theoretical differential scattering cross section is

performed by a sum over individual partial wave phase shifts that have been deter-
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mined semi-classically from an assumed model potential. For the most part the scat-
tering dynamics can be understood in terms of a single-channel elastic scattering cal-
cnlation based on a spherically symmetric potential model. However. the anisotropy
in the intermolecular potential requires that rotational inelastic collisions be con-
sidered.  The coupling of rotational and orbital angular momentum lead to a set
coupled second order scattering equations which are difficult to solve efficiently. For-
tunately in many thermal scattering problems. several angular momentum decoupling
approximations may be applied to reduce the computational task. The infinite-order-
sidden ([OS) approximation allows a full decoupling of the angular momentum while
retaining the damping effects due to the anisotropic intermolecular potential. The
multichannel scattering dynamics under the 10S approximation essentially reduces
to a single channel problem.

The theory presented in this chapter addresses the scattering problem primarily
from the standpoint of elastic scattering. where the potential is spherically symmetric
and no changes in internal states occur. To give an intuitive basis for understanding
the connection of the differential scattering cross section to the intermolecular poten-
tial. a brief discussion of the classical scattering theory is given in Section 3.2. The
accurate calculation the differential scattering cross section from quantum mechanical
methods is briefly reviewed in Section 3.3. and the semi-classical phase shifts that de-
termine the differential scattering cross section in the quantal solution are discussed in
Section 3. 1. Since inelastic collisions must be considered. the multichannel scattering
formalism for atom-symmetric top collisions is given in Section 3.3 with emphasis on

the [0S decoupling approximation.

3.2 Classical Scattering Theory

The rheory of elastic binary collisions has heen extensively developed in many popular

textbooks concerning classical mechanics [50. 1. 70. 73]. Only a cursory overview of



the fundamental classical scattering concepts will be presented here with the purpose
of developing the framework for understanding more complex scattering phenomena.
To a large degree. classical scattering theory provides a sufficient. intuitive basis for
understanding the features in the differential scattering cross section and their rela-
tionship to the intermolecular potential. [n general. the outcome of a two body elastic
collision results in the angular deflection of a particle due to the presence of inter-
molecular forces. The combination of all possible individual deflections comprise the
differential scattering intensity which is measured in an experiment. The connection
between the intermolecular potential and the differential scattering cross section is
what must be determined in order to effectively analvze the scattering results in this
thesis. The discussion given here was developed from many sources. but most closely
follows that of Fluendy and Lawley [41].

[n the interaction between two structureless bodies. the potential energy depends
only upon the relative distance between particles. Therefore. the center-of-mass mo-
tion may be separated from the relative motion. and the two-body scattering problem
can be reduced to an equivalent one-body scattering event. Figure 3.2 shows a typical
scattering trajectory of a fictitious particle of mass g interacting with an infinitely
massive scattering center. \s a consequence of the conservation of energyv and angular
mormentum. scattering trajectory is confined to a plane and the evolution of scattering
process results in the angular deflection of the particle to an angle \. which of course
depends on the details of the intermolecular potential. V" (r). the impact parameter.
h. and the relative collision energy. £ = %;zg". A close analysis of Figure 3.2 reveals

the deflection angle may he related to the orientation angle 6, by:
(b E)y=x-=20b,. (3.1

The total energy of the equivalent one-body interaction is usually expressed in

relative coordinates by:

E=-pr-+—+1(r) (3.2)



scattering
angle

Figure 3.1: Seattering rrajectory for a two body binary elastic collision. A fictitious particle g at
irupact parameter. b, is deflected to angle. \. The turning point of the potential is indicated by #,
and r,.

where the first term represents the relative kinetic energy. the second term is the
centrifugal potential energy with orbital angular momentum. L. and V7 (r) is the
intermolecular potential. The initial angular momentum. L, = ugb. is a function of the
relative velocity g and more importantly. the impact parameter b. which defines the
collision in the absence of the potential. During the collision process the conservation
of angular momentum requires that initial angular momentum equals the final angular
momentum at any point during the scattering event. L; = ;u‘"ﬂ-. To determine the
detlection angle the equations of motion must be solved.

The equation of motion for the radial coordinate. r. can be expressed by rearrang-

g Equation 3.2 as follows:

e

2 h?
r=|— E—E

J7 re

-V (r) (3.3)

where the initial angular momentum has been used has been used to simplify the
equation. The angular velocity is determined from the final angular momentum by
O=1L/ur.

The equations of motion for radial and angular coordinates define the scattering



trajectory. [n order to vield a time independent solution. thev may be arranged as

follows:

i
-7

.

do b V()

—=-=—(l-=-

dr 2 r2 E

. (3.4)

The integration of the Equation 3.4 allows the orientation angle at the turning

point. #,. to be determined in terms of the equations of motion as:

r;() rg b-) -
Uu:/ 1102—/ l - —— ‘é” br=2dr . {3.5)

] ~ r-

Using Equations 3.5 and 3.1. the deflection function of the particle is given by:

BooVin]TE

\(b.E)zr—'_’b/r; l—:-— 5 rdr . (3.6)

which is expressed in terms of the collision energy. impact parameter. and the potential
energy.

Figure 3.2 show a typical deflection function for an attractive-repulsive potential in
the thermal energy regime. [t is important to notice that for a given potential. small
impact parameters lead to large positive angular defiections that probe primarily the
repulsive part of the potential: and the large impact parameters lead to small negative
angular deflections that probe mostly the attractive potential. The positive and
negative branches coalesce when the attractive and repulsive forces balance. leading
to zero angular detlection.  Also. evident in Figure 3.2. is the deflection function
minimum. At this point several impact parameters may be deflected to the same
absolute angle. [n the context of classical scattering. this leads to a increased intensity
at a given angle. since all impact parameters are equally probable in a scattering
process.  This point gives rise to rainbow scattering. In the quantum mechanical
formalism. the wave properties of the particles must be considered. leading to serious

differences between the classical and quantum scattering outcomes.
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Figure 3.2: The classteal deflection funcrion for an artractive-repulsive potential.

320 Differential Sceattering Cross Section

The differential scattering cross section is defined as the ratio of the scattered cur-
rent per solid angle to the incident particle tlux. More specificallv. the differential
scattering is essentially the number of particles per unit time which strike a detector
subtending an angle dw divided by the incident particle flux. For an incident current.
Ju. which enters an infinitesimal area of 27hdb. and is scattered into the solid angle.
dw = 27 sin \dy. the differential scattering cross section in the center of mass frame

is given by:
Jo27bdb /25 sin \ dy

[(\.E)= . 3.7
(x-L£) T (3.7)
which 1s more conveniently expressed as:
b
[(\.E) = (3.3)

sin \ (dy /db)
[n a scattering experiment only absolute angular deflections may be detected.
therefore the scattering angle is redefined as ¢ = |\|. Considering collisions resulting
from all equally probable impact parameters. the classical differential scattering cross
section is usnally given by:
[0.E)=Y i 3.9
(6.£) = Z ;m—al(m . (3.9)

=1



69

Therefore. the differential scattering cross section depends directly on the form of
the deflection function. or more correctly. on the slope of deflection function d8/db.
Examination of Equation 3.9 reveals interesting singularities which arise that do not
support the experimental observations for finite scattering at very small angles or at
the rainbow angle. The classical results fail completely in predicting the diffraction
oscillations. Forward or glory scattering results from zero angle scattering for a finite
impact parameter. mainly concerning collisions where the attractive and repulsive
forces cancel. The failure of classical methods to predict glory scattering results from
the neglect of interference between particles which are deflected minimally and those
which are outside the influence of the potential at veryv large impact parameters. The
failure of the classical mechanics to predict finite rainbow scattering results from the
neglect of interference from particles following nearly identical paths. Classically.
the density of states is high near the rainbow point where d8/db = 0. leading to a
divergence in the classical cross section.

The integral scattering cross section is also an important quantity and can be

casily obtained through integration of Equation 3.9 to vield:
[r(E)= [ 110, BV = [ 110, £z sin0ds. (3.10)

Unfortunately. the classical integral scattering cross section diverges for typical
attractive-repulsive potentials. Given the failure of the classical results a more accu-

rate description must be sought.

3.3 Quantum Scattering Theory

Quantum scattering theory incorporates the wave-particle nature of the scatterers
and must obey the uncertainty principle. which prevents us from knowing simulta-
neously both the angular momentum and deflection angle to infinite precision. The
singularities found in the classical results get ~smeared™ over by interference effects

cansed by the deBroglie wavelength dependence of the relative collision dynamics.



Proper treatment of the scattering problem in the quantum mechanical formalism
predicts quantitatively the fast diffraction and rainbow oscillations in the differential
scattering cross section. In general. the quantal solution expresses the differential
scattering cross section in terms of individual partial wave phase shifts of distinct
angular momentum which must be summed together. Rather than a single impact
parameter leading to the scattering at a specific angle. in the quantum description
all components of angular momentum contribute to scattering at given angle. It is
the relative phase shifts caused by the intermolecular potential that gives rise to the
quantum interferences which are measured in high resolution scattering experiments.
The theory of elastic single-channel quantum scattering has appeared extensively in
many texts on non-relativistic quantum mechanics [33. 35. 31. 88, 71]. The discussion
presented here follows from Cohen-Tannoudji [33].

The complete single-channel quantal formalism requires a wavepacket description
of the scattering dynamics. However. since the potential is time-invariant and the
range of interaction is small compared to spatial dimensions of the wavepacket. the
elastic scattering dynamics may be expressed in a stationary state formalism.

The time-independent nuclear Schrédinger equation is:
HW (r) = EWr) (3.11)

where £ is the Hamiltonian operator. and ¥ and E are the eigenvectors and eigen-
values respectively of the stationary states scattering problem. Since the potential
depends only upon the relative distance between the scatterers. the center of mass
motion may be separated and Equation 3.1l may be expressed in relative spherical
coordinates as:

h* 1 o2 (2

_W:ﬁ’q-";tr-’ +Uir) = Ep W () =0 (3.12)

where (% orbital angular momentum operator. and E = h*k*/2u is the relative colli-

ston energy which depends on the wavevector k.



The scattering is observed at dimensions much larger than the range of the poten-
tial. therefore we seek an asyvmptotic solution to Equation 3.12. The form of ¥y (r)
as r — x Is given by:

etkr ;
\uk«r»ze‘k:+|f(0.o)|7=\Dz+\vz (3.13)
where WY = ¢*** defines the incident plane wave state in the field free region moving
along the direction z. and Wy is the scattered spherical wave with amplitude f(Q).

The general solution to Equation 3.12 can be determined by expanding the total

wavefinction in terms of a complete set of partial wavefunctions with defined angular

momentum. |. Thus.

x

1 !
Vitry = =3 3 Cibun(r.0.0) (3.14)

(=0 m=~{

where @y, (r.6.0) is the product of radial wavefunetions. wuy (r). and spherical har-

monics functions. Y, (6. 0). expressed as:
l . -
Prim (r.0.0) = —ug(r)};,, (6.0). (3.13)

"

The normalization constant is given by € = ¢!\ /47 (21 + 1} which is obtained by plane
wave expansi f incident wave W
ave expansion of incident wave Y.

The spherical harmonic wavefunctions are eigenfunctions of the orbital angular

momentum operator. (2 as follows:
(2Yim (8.0) = BI(I+ 1) Yin (0. 0) . (3.16)

Since the incident plane wave state is directed along the = direction. the rn compo-
nent angular momentum is zero. Integration over the angular coordinates in Equation
3.1k taking into the orthogonality relationships of the spherical harmonic functions.

vields a set of partial radial wave equations as:

R T+ 1) . R k>
__)[_(_)_{__L)’.*_‘ (r)_l’— ug(r) =20 (3.17)
2u dr 2ur? 2u
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which can be simplified to:

d? . 2u . . 21
[F—L.--*-F"'ff(r)} g (ry =90 (3.13)

where 12 is the effective potential. Notice at r = 0. the effective potential is infinite.
satisfving the boundary condition for scattering at the origin. ug (0) = 0.

For large r. the effective potential is negligible. and Equation 3.13 is simplified by:

I y
l:(——k“] g lry=10 t3.19)

dr?

The general asymptotic solution as r — x to the radial wave equation given above

g {r) = sinthr — Iz /2 + ) 13.20)

where the term /5 /2 corresponds to phase shift due to the centrifugal potential and
1 1s the phase shift caused by the potential. V7" (r).

Equation 3.20 can be applied to Equation 3.15 to give the asymptotic behavior
as:

sin(hkr = Ix/2+n) . .
b tr.f.0) = Bl [2+m Yim (6. 0)
-

¢ —xkrﬁi(l,-/'.’—r”) _ (:‘krt —i(I=/2—m)

x ~lm(8.0)- o (3.21)

where the second terms reflects the exponential form of the sin function.
We can multiply by arbitrary phase factor. €' and choose the normalization to

reduce Equation 3.21 to be:
—zkrtxl?/;’ _ 6xl'-:rc—:l,-/2(:2x'm

2kr

€

Pt (r.8.0) = =Yi,. (8. 0) (3.22)

Considering the rm = 0 components of spherical harmonics and the normalization

constant (' for the partial waves Equation 3.22 becomes:

‘[’.l:(l') = ZC'I‘Dk[U(l'.f).O)
=t
. C—xkr(hil.’/‘.’ — 6ikrf—xlr/‘lc.’u"
~Ci¥i(0.0) T : (3.23)

&



which shows explicitly contributions from the incoming and outgoing waves. As the
incoming wave approaches the scattering center. it becomes more perturbed by the
potential. until it is reflected as an outgoing wave with an accumulated phase shift of
2.

Using the fact that e = | + 2ie*" sinn; in the equation above. vields the final
asymptotic solution to the scattering wave equation és :

x
Wetr) ~ Y CYpib.0)

=0

- -/ cr —d=f2 2 -
¢ (L—rezl. /2 Ezkre tl../-ﬁ-m, flkr 1 —d=/2 i
e T st

Sikr s sin 1 (3.214)

which has the proper form given initially in Equation 3.13. The first term represents a
plane wave expansion of the incoming free particle and an outgoing spherical scattered
wave .
The initial plane wave state is given by:
—xkrf_:[.-/‘.’ _ (-,‘kr(,_‘l'—/zf"””

WY~ e =3 g 8.0) x| ‘ (3.25)

BYER
ot 2kr

and the asymptotic scattered wave has the form:
kT thr

y - = - I- {=/ .
\[Ji = lf(””f—- = E C’[}[L)(o.o’ -6—-—6 —“'/'6”” sin r" (3.26)
r =0 rok

Comparision of Equations 3.26 and 3.13. gives directly the scattering amplitude:

l o R A
foy= ZZ\/JJ('_’/ + De'™sing Yy (cos 8 . (3.27)

I=0
The differential scattering cross section being a probability for the scattering event
to oceur. requires that we square the scattering amplitude. |f(#)]°. The derivation
of the differential scattering can be determined by considering the quantum current

operator for the radial component. which is given by:

—
Jir) = le (W N0 — WY W) (3.23)



Application of Equation 3.2%8 to the intial Wy and scattered Wg, wavefunctions

give the initial flux and scattered currents.

ki hk 1 2
Jo=— and Jg=——=|f(0.0)] . (3.29)
i puore

The differential scattering cross section. considering the earlier definition from the

classical scattering. is:

Jsr/dQ)
Jo/([Q

the square of the scattering amplitude. The differential scattering cross section rep-

[(6) = =|f18.0) . (3.30)

resents a probability for observing a scattering at a given angle. Using the the rela-
tionship shown earlier. the quantum mechanical scattering cross section in terms of

the partial wave phase shifts 5 is expressed by:

i

[) = L.,Z(:’.I-{»-l)sin:lm[’((cosf))
-lk- I=0

I [& J°
+ m[Z(‘ZI-{—H(cos;’m—l’)PI(('osﬁ)} (3.31)

(=0

where the spherical harmonic functions have been reduced in terms of the Legendre
polvnomials.
Another important quantity is the total scattering cross section. which is deter-

mined by integrating over all scattering angles to be:
e x 5 S o 9.
[T(E):FZ(_[-{'-l'Sln . (-5.3.’.’
=0

Eqnation 3.31 implies that the differential scattering cross section can be calcu-
lated directly knowing the phase shifts for each angular momentum state. Figure 3.3
shows the typical phase shift dependence on [ for a typical attractive-repulsive poten-
tial in the thermal scattering regime. The figure shows that small angular momentum

leads to negative phase shifts which are due to the repulsive potential. and large angu-

lar momentum gives rise to positive phase shifts primarily as a result of the attractive



potential. For very large angular momentum. the phase shifts become vanishingly
small. In general. the number of angular momentum states which must be summed
in order to determine the differential scattering cross section can be estimated by
liir = kRy. where Ry is the range of the intermolecular potential. For typical van

der Waals interactions. approximately [ = 200 — 300 gives adequate convergence.

phase shift attractive

N

repulsive

Figure 3.3: Parnial Wave phase shifts vs [ for a typical attractive-repulsive potential.

[ most cases. the phase shifts for given potential must be obtained from numerical
solution of the Schrodinger equation. since analytical solutions are uncommon and not
generally valid over the full range of the intermolecular potential. Accurate numerical
techniques allow the wavefuncrion to be propagated from a region inside the turning
point to large distances where the phase of the scattering amplitude is stable. The
relative phase shift can be calculated by considering the turning point for each angular
momentum state and propagating two solutions. one with the full effective potential
and the other with only the centrifugal potential. to large distance. By comparing
the phase of the two solutions at long distance. where the phase becomes stable. the
relative phase shift can be determined.

Fignre 3.4 shows an example for the determination of relative phase shifts calcu-
lated by finite difference methods using a typical potential in the low angular mo-

mentum and high angular momentum cases. The full potential and wavefunction are
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given by the solid lines. and the dashed lines indicate the centrifugal potential and
wavefunction. In the low angular momentum case. we see that the full solution leads
the centrifugal solution. therefore the phase shift is negative. For the high angular
momentnm case. the opposite is true. The full solution lags the centrifugal solution
and the phase shift is positive. Considering the amplitude of the wavefunction. it is
easy to see that the low angular momentum collisions spend less time in the interac-
tion region due the repulsive potential. while the high angular momentum collisions
spend more time in the interaction region due to the attractive potential.
Unfortunately. accurate numerical techniques are not always feasible in cases which
requiire the evaluation of phase shifts for several hundred partial wave states. Numer-
ical solutions usually require quite small step sizes for stability reasons. thus making
the calculation too computationally expensive to be applicable to differential scatter-
ine problems. However. in many cases. full numerical accuracy is not always necessary
and approximate methods can be used to determine the phase shifts with high effi-

clency.

3.4 Semiclassical Phase Shift Approximation

The JWKB method is a well known semi-classical technique applicable to many quan-
tum mechanical problems. In the scattering formalism. the JWKB method allows the
rapid calculation of partial wave phase shifts from a given model potential. The the-
ory of the JWKB is well presented in many texts [35. 33. 101]. Only a summary.
bazed mostly on discussions in Child is presented here.

The radial wave equation presented given in Equation 3.17 can be written as
follows:

P (r . [+ 1
K u“')(r) _ [A___( (r) — N e () (3.33)
dr? e

where

M =2pE/R* U(ry=2uV"(r)/R° (3.34)
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Fizure 3.4: Phase shifts for high angular momentum and low angular momentum cases. Solid lines
indicate full potential and solution. while dashed lines are the centrifugal potential and solution.



In the semi-classical approximation. we assume the solution has the form:
mp (r) = expeS(r) /h] (3.35)

where the phase factor 5 may be expanded in powers of h as:

h2

S=So+hSi+—=5+... (3.36)

By application of Equation 3.35 to Equation 3.33 gives the differential equation :
, . Ll +1 , -
(8 — (hS" = 2p (k'—(_ |r)+——(#) =p (r) (3.37)

2

Using Equation 3.36 into Equation 3.37 and keeping only terms to first order in

I gives the two components to phase factor as follows:
. ] H
Sy = t/p(r‘]dr and Sy = =Inp(r) (3.33)

The first order JWKB wave function is obtained by taking a linear combination

of the two solutions to give:

uf,(l’) = [ ~€ [ /p(r)dr] (3.39)
)
which is vahd af
hs" < |57 (3.40)
Stnee Nr)y=h/p(r)=2x/kir) . the JWKB is valid if the gradient of the de-
Broglie wavelength is much less than 2x. or

d\(r
dr?

& 2% . (3.-41)

A more common interpretation is that the potential must be slowly varving compared
to the local wavelength.

The JWKB wave function in terms of the wave vector in the classically allowed
region is:

e (r) = [k ( r')]-l/2 sin/' ki(r)dr + f r>ry (3.42)
ry !



9

where

9 ., . Ll
Eiiry" =4k =1L (r)-—:ﬂ (3.43)

e
2
which is valid for all regions greater than the turning point r,. At the turning point.

the Langer approximation [35] to the centrifugal potential must be used.

I+1) (1+ {l)l/2

r? r

(8 IS

(3.44)

The semi-classical phase shift can be determined by equating the arguments of the
quantum and the semiclassical solutions using Equations 3.20 and 3.12. respectively.

The semiclassical phase shift is expressed as:

’ ’ I\ =
mo o= r[i_m hkitrydr — kry + (l + ;) =
- / hmdr_/ K rydr (3.45)
rg "3

indicating a relative phase shift determined from comparing two solutions at an
asymptotic distance. The first term includes the full potential. and the second term
includes only the contribution from centrifugal potential. The advantage of using
the phase shift equation above is that a quadrature may be used rather than the a
numerical integration. [n our case. we use a Gauss-Mehler quadrature [2. 6] for the
integration of Equation 3.45 to determine the phase shifts. and then Equation 3.31 to
caleulate the differential scattering cross section. Usually only the only first = 100
or so phase shifts need to be determined semiclassically. At higher angular momen-
tum where the phase shift becomes very small. the Born approximation may be used.
This approximation is discussed in the next section.

For clarity it is important to relate the semiclassical phase shift function to the
classical deflection function. By differentiating Equation 3.45 with respect to the

angular momentum. the classical deflection function is obtained :

dm < (I +1/2)dr
Ve = 2 s - 1.16
T / () (3-46)
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kp(r) = %[‘_’,u(E— \";ff)]17 and L=h(l+1/2). (3.47)
]

The classical expression in Equation 3.6 is obtained in terms of the phase shift func-
tion. By comparing the angular momentum in the classical and semi-classical cases

we see that

[+

o -

(3.43)

S
H
b
i

meaning that the classical impact parameter corresponds to a well defined angular
momentum through the wave vector. The implication is that trajectories originating
from a given impact parameter correspond to a particular angular momentum with
an associated stationary phase. Thus. for trajectories leading to scattering at the
=ame angle interference effects will result from the corresponding angular momentum

components each with different relative phase dependence.

4.1 Born Phase Shift Approrimation

At very large angular momentum (/ > 100). the phase shifts become increasingly
small. Rather than use the semiclassical JWKB technique. the Born approximation
gives a more convenient expression for the phase shifts. which depends only upon the
long range intermolecular potential. The Born approximation. an integral equation
method. is based on perturbation theory and is obtained by expanding the wavefunc-
tion in powers of the potential [35. 33. 31}

The radial wave equation may be written in the following form:

I? , Ll +1 .
i 3 A"-—T—) g (r)y = U (r)yug(r) {3.49)
dre r?

where {7(r) = ;t—‘.,‘-\'(r).

[n general the solution can be written terms of an intial plane wave part and an
=

vuteoing Greens™ function as follows:

g (r) = upy (r) +/‘ GH(r. "YU (r') ugg (F) dr (3.50)
4]
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where uj, is the solution in the absence of the potential and the outgoing Greens

function has proper asymptotic form as given by:

-1
Grir.ry= Tuz’,(r)uz,(r') r>r' (3.51)
and
w ('Y = kr'j(kr'y = sin (kr' = [7/2) (3.52)
wh(r) = ikri\? = erpi (kr — Iz/2)] (3.53)

A\ solution is obtained by iteration as follows:

g (ry = u‘,\’_[ (ry + / G*(r. r")(,'(r')uzl(r')dr' (3.5-h
v

+ / / G r. YO Y GHr Py Uk yuy oh"yde'de” L
o Ju

For the first-order Born approximation. valid for single scattering events in the
high energy limit and where the potential perturbation is small. we keep only the first
two terms of the iterative process. From Equation 3.54. the solution to the radial wave

equation 1s:

g (r) = u“(r>+/u G e YO P Yl oy dr!

x sin(hr —Iz/2) = k7 erplikr — 1,-./'_’)/ {(r) [ulk’,, (r)]'rlr (3.53)
0
which can be simplified to a more recognizable form as:
g (r) = eMsin(hkr = Ix/2 4+ ) . (3.56)

and the phase shift can be expressed analytically in terms of the potential. For an
attractive long range potential where V' (r) = —C,/r* the. the Born approximation

phase shift is given by:

20, 1k
fl'.’

= -

/ TR k) (3.57)
(1]



Using standard integration methods. the phase shifts under the Born approxima-
tion are given in a convenient form as:

prC k™ (s = ) Tl = 5/2 +3/2)
h* 2 T(s/2T (1 +5/2+ 1/2)

(3.533)

’I[ =

[n the calculation of the differential scattering cross section. the first [ = 100 are
computed semi-classically. but at higher angular momentum. the Born approximation
i= preferred. The actual switch between the two methods is determined by comparing
the phase shifts for both cases. When the methods agree to within 1. the Born
approximation is used. rather than the JWKB quadrature. to calculate the remaining

phase shifts. [ = 130 — 200.

3.5 Multichannel Scattering Theory

)

290 Introduction

The previous discussions concentrated on the classical and quantal elastic scattering
theortes of centrally symmetric systems. For molecular svstems. inelastic transitions
between the internal degrees of freedom are possible as a result of the anisotropy in
the potential energy surface. Under thermal energy conditions rotational transition
are most probable. and the vibrational and electronic degrees freedom for the most
part do not change state in the collision process. The work presented in this thesis
concerns the rotationally inelastic scattering of atom-symmetric top or linear molecule
svstemms. A good discussion of inelastic scattering can be found in many books and
articles [17. LLL. 52.25]. The full multichannel scattering problem requires a solution
to the time-independent nuclear Schrodinger for the complete system. [n general.
the total wavefunction is expanded in terms of total angular momentum functions of
the coupled rotational and orbital momenta and radial wavefunctions of the collision
coordinate. The radial wavefunctions are solutions to a set of second order differential

equations. which are coupled due to the orientation dependence of the intermolecular
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potential. The outcome of the scattering process is obtained from the asymptotic be-
havior of the scattering amplitude in terms of the collisional S-matrix. which contains
the specific information for determining the inelastic transition probabilities and the
total differential scattering cross sections for the molecular systems.

The close-coupled equations are essentially exact in the limit of an infinite number
basis functions in J and j. but the degeneracy of the rotational sublevels (2; + 1)
leads to increased dimensionality of the scattering equations. The actual number of
coupled channels used in the calculation depends on the number of rotational levels
accessible at the relative collision energy. In general. the high dimensionality can be
rednced by considering the conservation properties in the multichannel problem. The
conservation of total angular momentum J = I +j. owing to the rotational invariance
of the total Hamiltonian. allows the scattering equations to be block diagonalized in
both J and M. Since the total energy depends on ./ and not /. only one solution of A
needs to be determined for each value of ./. The conservation of parity P = (—1)/+/+¢
of the total wavefunction. due to the invariance on inversion of the spatial coordinates.
enables the solutions to be separated into non-interacting blocks of svmmetric and
antisymmetric contributions for each J. Separate calculations can be performed for
each parity case. which leads to the general selection rule in molecular scattering
theory. where only even or odd changes in the rotational quantum numbers contribute
for each parity case.

Despite the reduction in complexity obtained using the conservative properties.
other considerations make the multichannel formalism too difficult to be applied in
most cases. For molecular scattering systems with small rotational constants. there
are many energetically accessible channels which must be included in the basis to
obtain proper convergence. making the full close-coupled equations too complex to
solve efficiently. Further. in many cases. the full accuracy of the scattering dvnamics
ix not always needed given the overall quality of the scattering data. This is especially

true for non-state selected experiments where only an average over all orientations
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is measured and the detailed state-to-state transitions are for the most part unre-
solved. Fortunately. several approximation methods can be used in order to reduce
the complexity of the close-coupled equations. The coupled-states (CS) approximation
166. 73] decouples the rotational and orbital angular momentum through approxima-
tion of the centrifugal potential energy. making the scattering equations coupled in j
but decoupled in . The infinite-order-sudden (I0S) approximation [66. 101. 100] uses
the same approximation to the centrifugal potential as in the CS approximation. but
also treats the rotational energy levels as degenerate. leading to a full decoupling of
the angular momenta. In the [OS approximation. the scattering equations reduce to
the one-dimensional formalism with the orientation dependence of the intermolecular
potential entering only parametrically. The total differential scattering cross section
may then be obtained by performing an average over the individnal differential cross
sections calculated for each orientation. The simplitication to the scattering dynam-
ics in the [OS approximation provides a convenient method for the determination of

antsotropic mntermolecular potential energy surfaces from scattering experiments.

3.0.2 Atom-Symmetric-Top Scattering Formalism

The theory of atom-symmetric top collisions has been discussed in the literature
primarily by Green [32. 33]. but it follows from the theory of atom-linear molecule
collisions first presented by Arthurs and Dalgarno [3].

The rotal Hamiltonian for an atom-symmetric top collision can be expressed in
space-fixed coordinates (r = r.f.0). where the collision coordinate r is defined as
the distance from the molecular center of mass to the atomic center. and 6. o define
the collisional orbital momentum of the atom with respect to the molecule. The

atom-symmetric top Hamiltonian is expressed as::
flz ’ ; ) ’ J‘ » 5 -
gV e (R)+V (rR) - E—Ex| Wf¥ (r.B)=0 (3.5

where . (R) is rigid rotor Hamiltonian of the symmetric-top satisfving free rotor
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Schrodinger equation as
He (R) | jkm) = Ej | jkm) with Ex=Bj(j+ 1+ (4-B)k . (3.60)

AL and B reflect the rotational constants of the principle inertial axes. and the quantum
numbers j. k. and m are the total rotational angular momentum. the projection of
rotational angular momentum on the body-fixed =’ axis. and the projection of the
total rotational angular momentum on the space-fixed : axis. respectively. The rotor
orientation in the body-fixed frame is given by the Euler angles(a. 3.+) [6] and the
svmmetric-top eigenfunctions are expressed in terms of the rotational matrix elements

(T1] as:

D la.3.5) . (3.61)

40

b jhkm) = [('_’j + l)/S,Tz}
The general solution to the total Hamiltonian expands the total wavefunction
in terms of radial functions (.'JJ,;}’ (r) and total angular momentum eigenfunctions
MR as:
Wl (. iz) =Y é('ﬂ:}’ (ry | JMjk . (3.62)
The total angular momentum (./ = j + [) is determined by the coupling of rota-
tional and orbital angular momentum functions as :

| JM R = Z {gmbmg | JNMY | gk | lmy) . (3.63)

m.my
with (jmlmy | JM) denoting the Clebsch-Gordon vector coupling coefficients [71. S1].
and | Irn)) expresses the partial wave functions given by spherical harmonics Y., (6. 0)
in spaced-fixed coordinates.
The close-coupled scattering equations are obtained by integration of Equation
3.59 over angular coordinates leading to a set of second order radial wave equation in
space fixed coordinates as:

([-’ [(I+l) » EAY
gz o e Gl (r) =

(2p/02) X2 (IR (2 R) LS MGR IV () (3.64)

Jlll\_lﬂlll



where the wave vector depends on the internal states before and after the collision as:

i

Ko = (20/R*) (E + Epi — Epe) (3.65)

and (JMj"k"" | V(v R) | JMj’K') is the potential matrix. which couples the

rotational and orbital angular momentum components.

Inte rmolecular Potential

[ most molecular scattering problems. it is convenient to expand the intermolecular
potential in real functions which are rotationally invariant to the point group syvm-
metry operations. The actual group syvmmetries of the unsaturated hvdrocarbons
are considered in the next chapter. For symmetric-top molecules with a n-fold rota-
tional symmetry axis. the principle moments of inertia in the body-fixed frame may
be aligned with the space-fixed = axis by assigning the Euler angles a« = =~ =0
[6]. Provided that the £’z" axis is also a reflection plane of symmetry. the potential
may be expanded in linear combinations of renormalized spherical harmonic functions

(L t8.07) [ 520 1L as:

- ’ l . 7 14 LY 4 4
Vir.¢.0) = Z",\,“(")W[C\_“(O-O)+(—U Cr—p (07.07)]

AYTS ul
= Z () Py (cos ') cos po' . (3.66)
st

where the potential has be simplified using the Legendre polynomials.

The advantage gained by expanding the intermolecular potential in functions of
the proper rotational symmetry is that the potential matrix may then be integrated
analytically using the orthonormality relationships of the spherical harmonic func-
tions. The potential matrix for symmetric top interactions given in Equation 3.6
then becomes:

MR LN eaa (r) O (80 | JM KT

\.u
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= (=D 0 e s DR+ DU DR+ D]
Nu

lI [II ‘\ 4 " ’\ “rnr III '/
< s / (3.67)
0 0 0 K=k Irojoa

where (2) and { :} denote the 3-J and 6-J svmbols [T1]. respectivels-

Collisional S-matrir and Scattering Amplitude

To determine the inelastic transitions and the differential scattering cross sections the
asymptotic form of the radial wave functions must be considered. The asyvmptotic

form of the radial wave equation is given by:

)

AT ' ' . e - . .
[_,kl (r) ~ (\_,Jf(‘;\.k:c‘u:e:\p[—z(hjkjkr—/,./_3)] - (h_]kjk/hjk_],l.',}

< STk JREVYexp [i (kyppor — '5/2)] (3.63)

where ST R JRIY = (R ST K1Y is the collisional S-matrix. [n analogy to
the form presented in the single channel quantal theory. the first term represents the
initial free plane wave state and the second term expresses the outgoing spherical
scattered waves. and the S7 contains all the phase shift information.

The scattering amplitude can expressed in terms of the collisional S-matrix by
considering the asymptotic radial solution in the absence of the interaction potential.
The general form of the scattering amplitude for the multichannel scattering problem

(L1 52] is:

Fjmy—jm,|b.0)=

( : ) S AR DE RS+ =10 Y (0.0)

NokRyek ) g
A, Joord
TGk R | (3.69)
m, 0 M my mp M

J

where T (ki | /A1) = &, jiégooyy — ST (k1| j'k' V) is the transitional T-matrix.
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For the non-state selected experiments where alignment effects are not consid-
ered. only the degeneracy averaged differential scattering cross sections are required.
By summing over all final m,, states and averaging over all initial states m,. the
degeneracy averaged state-to-state differential scattering cross section is:

. ) l N g . . D
4 _ —_— J 4 R - LD Wt
[(j ——jlm—Zj-}-l - mEm VE (i — jm, | 6)] . (3.70)
r- )I

)

3.9, Coupled States (C'S) Scattering Approrimation

The conpled states approximation [66. L11. 73] to the close coupled scattering formal-
ism s solved in the body-fixed coordinates. where the body-fixed = axis stavs aligned
with the collision direction. The projection of the orbital angular momentum rmy is
then zero. enabling the states to labeled by | ./ M jkri). with i being the projection
of j on the space-fixed = axis. rather than the fully coupled basis | .JMjkl). Further.
the centrifugal sndden approximation is used to decouple the orbital and rotational
angiular momentum. therefore. the interaction potential matrix becomes independent
of ['in the CS approximation. The centrifugal sudden approximation replaces the

orbital angular momentum operator by an effective eigenvalue form as:
2l (I41) (3.71)

where [ is an average value over the initial and final states [ and I’. The actual choice of
I can either be the initial. final. or an average value of the orbital angular momentum.
Previons calculations for our laboratory have used the /-final CS approximation with
sutficient success [124. 121]. The CS approximation is considered valid in the high
energy limit where the relative collision energy is much greater than the intermolecular
potential well depth. E/e > 1. At higher energy. the specific value of the centrifugal
potential is less important. and the turning point of the potential is weakly dependent

on I. Under the CS formalism. the radial wave equation becomes:

o I(l+1 ,

-J

Jkrh(r'z



(20/ %) 3 (S5 K" |V (2. R) | JSK Y (1) (3.72)

Jllkll
where the orbital angular momentum [ is fully decoupled. Likewise. simplifications to
the S-matrix and the scattering amplitude are obtained by removing the ! coupling.
More detailed discussions of the CS approximation can be found in the literature

[101. 66. 73]

394 Unfinite-Order-Sudden([0S) Approcimation

[n addition to the centrifugal sudden approximation. the [0S approximation also
uses the energy sudden approximation [53. 66. 100. 1L1]. which essentially treats the
rotational energy levels as degenerate. leading to a full angular momentum decoupling
in both the rotational angular momentum and the orbital angular momentum. The
[0S approximation is a good approximation when the relative collision energy is large
compared to the rotational energy level spacing of the rotor. £ > AFE ;. Under the
energy sudden approximation. the relative scattering wave vector is approximated
by replacing the rotational angular momentum operator by an effective rotational
eigenvalue form. J" = Bj (7 + L). Since the rotational enersy contributions are small.
the initial relative kinetic energy is appropriate for approximating the wavevector as

follows:

Wi — 72 = (2u/R?) (E) . (3.73)

The potential matrix may then be integrated over the rotor eigenfunctions. mak-
ing the scattering equations parametrically dependent on the orientation dependence.
Under the [OS approximation. the orientation remains fixed during collision process.
which is considered to be a good approximation if the relative collision time is small
compared to the rotational period of the molecule. ¢.,; < t.... For thermal collisions
the average collision time is on the order of a few picoseconds for a particle travers-
ing an assumed intermolecular range of approximately 10 A. The collision time is

fast compared to the rotational periods for the first rotational states of the four hy-
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drocarbon molecules as is clearly shown in Table 3.1. Using these criteria. the [0S
approximation appears to be a valid method for determining the theoretical scattering

cross sections for the molecular svstems of concern in this thesis.

Table 3.1: The j = 0 Rotational Periods for CoH». Cally. CaHy. CyHo.

B" roe
Molecule crn”! ps.
C,H, L.I7T 23
C,H, 1.0 33
CyH, 0.296 113
C,H, 0.146 228

“Rotational Constants from refs. [98. 72. 75. 79]

U'sing the energy sudden approximation into C'S formalism. the radial wave equa-
tion for the |OS approximation is given by:
, L
%_7 - [(%l—)- + &? ('jJ[‘" (r]¢.o)= ('_’;z/fz”) Vi(r|d.o) ('jJ['l’ (r¢.o" .
(3.74)
indicating the parametric orientation dependence of the atom with respect to the
rotor by the angles §" and o'.

The asymptotic solution to the radial wave equation gives the orientation depen-

dent S-matrix. which contains all the information on the phase shifts as follows:
S| 0.0') =exp Rig(w | 0'.0")] . (3.75)

[n the [OS formalism. the S-matrix is expanded in the same angular functions

as the intermolecular potential. Using the same renormalized spherical harmonics as
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before. the S-matrix [53] expressed as:

S| 6.0 SLAk)C (8.0 . (3.76)

\pz
WP

where the expansion coefficients are determined using the orthnormality of the spher-

ical harmonic functions as:
/ 2= i
Satmr= [T do [ dicost) o0 0N S ix (0.0 (3.77)
0 -1

The [0S S-matrix[100. 53] is then evaluated directly by integration over the rotor

eigenfunctions | jhkrn) giving:

1
Shos = (=DM [2) + D (27 + D i2A + 1)
N N
Zs" (i | 7 ’ ’ e (3.73)
K op —k m' 0 —m

Using the form of the asymptotic scattering amplitude. the [0S total differential
scattering cross section s then determined averaging over the orientation dependence
#'o" dependence [100]. which is given by

)=

l 2: 1
lios(8) = — do'/ [(810". 0" d (cos 8 (3.79)
4] -1

I i)
where the individual differential scattering cross sections for each orientation are ex-
pressed using the single channel result for the partial wave phase shifts. The integrand

in the [0S total differential scattering equation is:

I~

|
120k

[6]0.0) = Z(>I+ L) ( 2”2 1) P (cosb)| (3.20)

=0
The [0S approximation provides a simplified procedure for determining the total
differential scattering cross sections. while retaining the scattering features due to the
anisotropic intermolecular forces. Using the single channel results and the J\WWKB and
Born approximations for calculating the phase shifts. the theoretical scattering cross

sections may be calculated efficiently. The orientational averaging of the individual
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single channel cross sections is performed numerically using various quadratures. A
Ganss-Legendre method [2. 6] is most suitable for the Legendre polynomials expressed
in #'. while a Gauss-Chebyshev procedure [2. 6] is better for the cos o’ functions.

The convergence of the numerical quadratures are tested by increasing the number
of points in the integrations. Approximately 32 points were sufficient for the Gauss-
Leeendre quadrature. while faster convergence for the Gauss-Chebyshev quadrature
was obtained with only 5-6 points. Further. a reduction in the numerical effort can
be obtained by taking into account the symmetries of the intermolecular potential
7). For ethylene and allene. the integrations can be carried out using only the first
gquadrant (0—=/2in ¢ and 0—=x/2in o'). while acetyvlene and diacetylene. being linear
molecules. only require integration over 0 — /2 in ¢’ and are independent of o'. In
test calculations for ethyvlene and allene interactions. the fitting the experimental data
was observed to be quite insensitive to the o' angle dependence in the intermolecular
potential. therefore the analyvsis of these systems assumed that the scattering cross
sections were independent of o'.

The total integral [0S scattering cross section is determined the integration of the

[0S differential cross section over all scattering angles.
lios =27 [ L10s(8)d(co30) . (3.30)

In seneral. a single. total integral cross section for each orientation may be cal-
culated using Equation 3.32. The total [OS integral cross section is then determined
by performing an average over all orientations as was done for the 10S differential

scattering cross section.



Chapter 4

INTERMOLECULAR POTENTIALS

4.1 Introduction

Previous chapters presented the total differential scattering cross sections and the
theory required to determine the underlving potential energy surfaces of the atom -
molecule and diatom-molecule systems. For the most part. the scattering theory was
discussed in terms of spherical potential models. However. the accurate calculation
of the total differential scattering cross sections requires anisotropic potential energy
surfaces. Under the [0S approximation of the multichannel scattering problem. the
scattering dvnamics are essentially reduced to a single channel calculation. where in-
dividual elastic cross sections for a number of orientations are calculated and then
averaged to determine the total differential scattering cross section. This simplifica-
tion of the scattering dynamics provides a suitable means for the efficient analysis of
experimental cross sections while also maintaining a high degree of accuracy.

The input to the [OS calculation is an anisotropic intermolecular potential which
depends not only upon the relative distance of separation. but also upon angular
coordinates that express the relative orientation between the interacting molecules.
[n many theoretical and experimental studies of atom-molecule collisions and van
der Waals cluster dynamics. it is usually advantagous to expand the intermolecular
potential in terms of spherical harmonic functions which reflect the proper rotational
svinmetries of the interacting monomers. For example. in the scattering formalism.
the expansion of the potential in spherical harmonic functions allows the potential

coupling matrix elements to be easily evaluated. since integration over the angular
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coordinates may be performed analytically.

The determination of accurate potential models requires consistent agreement with
the correct theoretical behavior at short. long. and intermediate ranges. The true
form of the anisotropic intermolecular potential is based on the knowledge gained
from studies of atomic interactions [74]. For two groundstate closed-shell atoms.
the interaction potential is repulsive at short range and attractive at long range.
The repulsive interaction arises from the exchange and coloumbic forces caused when
electronic wavefunctions overlap. 5o as not to violate the Pauli exclusion principle.
electrons in the two atoms tend to avoid one another in space. leading to the improper
shielding of positively charged nuclei. Since the overlap area of the electronic wave-
functions decreases exponentially with distance. the repulsive energy is expected to
be exponential with distance as well. The long range attraction of the intermolecular
potential for two atoms results from dispersion forces. The correlated Huctuating elec-
tronic distributions in the two atoms produce induced dipole-induced dipole moment
and higher order induced moment interactions. Theoretical models based on second
order perturbation theory. predict the long range interaction to follow a inverse power
series in the radial coordinate: ice. V' (r) x —1/r™ where n = 6.3.. ...

For atom-molecule and diatom - molecule interactions. the intermolecular poten-
tial is a function of the relative orientation between the molecules. The short range
repulsion remains essentially exponential for a particular orientation. but the repulsive
parameter may be softer or harder in various orientations depending on the partic-
ular molecular structure. Using an atom-C,H, interaction as an example. a side-on
approach primarily involves the interaction of the atom with the x electron cloud.
while an end-on approach involves the interaction of the atom with a terminal hy-
drogen. Also. the long range attraction will have an orientation dependence as well.
The dispersion contributions are anisotropic due to the difference in polarizabilities
parallel and perpendicular to the molecular symmetry axis.

[nteractions between molecules at long range also have contributions from induc-
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tion and electrostatic forces in addition to dispersion. The electrostatic and induction
interactions have orientational symmetries by nature of the definition of multipo-
lar forces [31]. The electrostatic contributions arise from the interaction between
the inherent charge distributions of the molecule resulting in permanent multipole-
permanent multipole interactions. The lowest multipole orders being dipole-dipole.
dipole-quadrupole. and quadrupole-quadrupole moment interactions. The induction
energy results from the distortion of the electron cloud distribution of one molecule by
the permanent multipole moments of the other molecule. The electric field established
by the permanent multipole moments of one molecule induces dipole. quadrupole. and
higcher order moments in the adjacent molecule. In general. the long range interac-
tion potential can be expressed as the sum of separate dispersion. induction. and

electrostatic terms [L13. 74| as follows:
VR b.or=V o (RO0)V+ ViR O.0)+ Vi, (R.G.0) . (4.1)

For two neutral nonpolar closed-shell molecules. the interaction energy is domi-
nated by the dispersion energy. For most part. the induction and electrostatic energy
contributions are significantly smaller and can be neglected. The hvdrocarbons and
N. and H. all have permanent quadrupole moments. NO and CO have small per-
manent dipole moments in addition to permanent quadrupole moments. In general.
the orientation dependence of the diatomic molecules has been neglected. treating
them as structureless spherical partners. The anisotropy of the interactions is more
attributable to the larger. more polarizable unsaturated hydrocarbon species C,H..
C,H,. CyHy. and CyH,. The presence of the =-electrons in C,H,. C,H;. C3H,. and
CyH., leads to increasingly larger polarizability anisotropies for these molecules. and
the polarizability anisotropy plays a significant role in determining the anisotropic
dispersion energy contributions of these systems. This chapter describes the develope-
ment of anisotropic potential energy surfaces that were used to fit the atom-molecule

and diatom-molecule scattering svstems presented in this thesis.
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Section 4.2 describes the spherical model potentials which provide the basis for the
development of the anisotropic potential energy surfaces. The orientation dependent
potentials are discussed in Section 1.3. Section 4.4 describes the development of the
anisotropic (4 and (' dispersion coefficients for atom-linear molecule interactions.
Also presented are the electrostatic. induction. and dispersion long range coefficients

for diatom-molecule interactions.

4.2 Spherical Potentials

The development of the anisotropic potential energy surfaces are based on spherical
potential models which have been successful in describing the solid. liquid. and gas
properties of atomic rare gas systems [9]. The form of the spherical models have
both repulsive short range and attractive long range contributions. In general. one-
dimensional models are characterized in terms of the parameters. ¢ and r,,. The well
depth. e. defines the minimum interaction energy at the radial minimum position. ry,.
[n addition. other parameters may be added to the model potentials to adjust both
the repulsive energy as well as the of shape of the potential well. Several functional
forms for describing the interaction energy appear in the literature [39. 31. 71]. Two
basic model potentials of various complexity were used to analyze the scattering data
presented in this thesis. a simple Lennard-Jones N-6 model and a more sophisticated

Barker potential model.

1.2l Lennard-Jones Potential

The Lennard-Jones (LJ) potential is a common model potential that is used primarily
to gain a rough estimate of the interaction energy. Many of the combination rules
for atomic syvstems [59] and the pairwise potential models [103] are based on such

simplified models. The Lennard-Jones N-6 potential in reduced parameters is given
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6 n .
“’ = = ‘—n_. = —b ~.2
(ri)=e (n—()')r (n—ﬁ)r (4.2}

where r* = r/r,.. and n is power of the repulsive contribution. which is chosen mostly
for convenience. If n = 2. the usual LJ 12-6 potential is obtained. The dispersion
coefficient can be expressed in terms of the other parameters by Cs = ner® / (n — 6).
In general. the LJ model tends to over estimate the Cy term. since it is a strong
dependent on the size parameter. The parameters. n. €. and r,, are adjustable in the

L.] model.

f.2.2 Barker Potential

\\ more realistic expression of the interaction energy in both the repulsive and at-
tractive regions is given by the Barker model. Previous studies have used the Barker
model in the analysis of both isotropic [12. 11] and anisotropic systems [121. 121].

The Barker potential expressed in reduced parameters is:

2 & Cin
Virty=e f_rp[a(l—r')]z.—l,-(r'—l)'—Z———% (-+.3)
i=1 J=u (& +717)

where r* = r/r. and C; ;= Cy, 46/ ri?*%. o is the exponential decay parameter in
the repulsive part of the potential. and A, increases the width of the potential well.
while 4; can be expressed in terms of the other parameters. ¢ is a small fixed value
nsed to avoid a singularity at r = 0. The dispersion coefficients. C; and Cy. are held
tixed and can be found in the literature. or estimated from combination rules and
atomic polarizabities. The adjustable parameters in the Barker model are a. .. e.

and r,. .

4.3 Anisotropic Models

The anisotropic potentials depend on the intermolecular separation and the relative

orientation between molecules. In general. it is convenient to expand the intermolec-



ular potential in terms of real spherical harmonic functions that are invariant to
molecular symmetry point group operations. For atom - symmetric top molecule in-
teractions. where the top molecule has a n > 2 - fold symmetry axis and a plane
of reflection symmetry. the body-fixed axes may be aligned with space-fixed axes to
give real expansion functions [52. 534]. If the n-fold symmetry axis is placed along
the - space-fixed axis and rz plane corresponds to the reflection plane. the potential
can be described in terms of a linear combination of renormalized spherical harmonic
functions. "y, (0. 0) [L13] . as follows:

. L . .
Viir.d.0) = ZI‘\_“(I‘IL'—[C\_“(0.0)-."(—l)"(,\__u(o.O']

o + Cuo

= Z v\, () Py (cos @) cos o

Vet
where the expression has been simplified in terms of the Lengendre polvnomials.

Py tcos#). and the »\ , (r) are the radially dependent potential expansion coefficients.

V4 0 a?B?‘Y: 0

<
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Figure 4.1: Space fixed coordinate representation for atom - «thylene interactions. The rz plane is
a plane of svmimetry.

Figure 1.1 shows the space-fixed coordinate system used for atom-ethvlene inter-
actions. The body-fixed coordinates of the ethylene subunit have been aligned with
the spaced fixed coordinates by setting the Euler angles a. 3.~ = 0. The intermolec-

nlar distance. r. is defined from the ethyvlene center of mass to the atomic center. and
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the orientation of the radial vector is defined by the angles § and o. ¢ is the angle
between the radial vector and the = space-fixed axis. and o is the angle between the
projection of the radial vector on to the ry plane and the positive r space-fixed axis.

For ethylene of the D, point group. the (' molecular symmetry axis is aligned
with the - axis and the molecule lies in the y- plane. The potential may then be

expanded in even A and p terms by:

Viir..oy = v+ t20Ps(cost)
+ o Pr(cos ) cos20 + Py (cos B)
+ ryaPitcost)cos20 + vy 4 Pyicosb)costo + ... th4)
For allene of the D, point group. the ', molecular svmmetry axis is also aligned

with the = axis and the hydrogen atoms lie in diagonal planes intersecting the y=

plane. The potential may then be expanded in even and odd \ and even y terms as:

Vird.o) = roo+ri0bi(cost)
+ roPr(cost) + 2P (cosd) cos 20
+ ryoPs(cost) + r52Pfcosd) cos20 + ... (4.3)

For the linear molecules. acetylene and diacetviene. with the D, point group.
the molecular symmetry axis is aligned with = axis. and the potential expansion is

given tn even \ terms of the Legendre polynomials:

‘.(I'.a) = l'q).uﬁ"'l'gP_)(COS”)

+ 4 PylcosO) 4+ rsPsicos ) + ... (1.6)

Rather than obtain a fit to the potential coefficients. r ,. a method which is known
tu converge slowly. it is better. and perhaps more intuitive. to expand the potential
parameters. ¢ and r,, . of the spherical potential models in the same angular functions.

[n a first approximation. the o angular dependence of the interactions was neglected
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on the assumption that the all the hydrocarbons. regardless of their symmetry. are
cyvlindrically shaped and can be treated as essentially linear molecules'. The potential

parameters r, and e expanded in Legendre polymonial are then as follows:

() =¢€p+esPalcosl)+€e,Py(cosb) +...

"m({)) :rmu+rmZPZ‘C050)+rm-lRl‘C050)+--- (‘l--‘-)

The dispersion coefficients are also anisotropic and can be expanded in the same

Legendre polynomial functions accordingly:

('ﬁ(()) ZC'ﬁlj‘f‘(_'ﬁgP(COS())

('3(0) =CA',\'()‘{’-C'ng_»‘COSy)+(VMP;(COS()) - (4.3)

where Cuy. Chy. Csp. Cya. and C'sy account for the dipole-dipole and dipole-quadrupole
dispersion terms. For atom-linear molecule interactions. the anisotropic coefficients
are determined using combination rules. atomic and molecular properties. and a the-

oretical procedure outlined in the literature [93].

4.4 Dispersion Coefficients for Intermolecular Potentials

i1 Isotropic Dispersion

The dispersion energy represents the largest contribution to the interaction potential
at long range. For identical closed shell atomic interactions. the dispersion coefficients
are purely isotropic. [n general. the (' term may be estimated using the well known

relationship developed by London[6-1. 3] as follows:

3

(-Tﬁ.u'x = IQ(-;J ['z (+.9)

where o, is the static atomic polarizability and /, is the atomic ionization potential.

' A reasonable approximation if the light H atoms are neglected and only the linear C — C bonding
framework is considered. which has the appropriate symmetry A = 0.2, ...
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We can use the same relationship to estimate the isotropic contribution for two
non-tdentical molecules. [f we consider the interaction of an atom ~a” with a linear
molecule “b”. the mixed svstem. isotropic (s dispersion coefficient is given by:

3 I.1
Cisxy = =Gy 4805 ——— (4.10)

2 [, + 1
where the variables represent the same properties as hefore. except the average molec-

ular static polarizability has been considered.

A more common form of Equation +.10 is the geometric combination rule [31].

C'ﬁ.'xb = \V C'ﬁ.a'xC'ﬁ.Bb - (1.1 1)

Equation L.11 is generally preferred if the isotropic (s terms for the pure svstems

expressed as:

are known. These have been determined by various experimental and theoretical
investigations for the rare gases ( He. Ne. and Ar) [93] and diatomic molecules (H,. N..
CO. and NO) [37. 95. 92]. However in the case of the larger hydrocarbon molecules.
only the isotropic dipole-dipole dispersion coefhicients for C,H, and C.H, are available
in the literature [3]. To determine the isotropic C's terms for C3H, and C,H.,. Equation
1.9 was used to develop a scaling relationship. Since U,H, and C;H, are similar double
(' — ¢ bonded hydrocarbon species. a reasonable estimate for C3H, was obtained in

terms of the CoH,y Cy value by:

Cac.u asc.u, lon
il A u t-1.12)

. - .2
Cociy  Spc.u, loum,
Similarly. CoH, and CyH, are both triple C — C bonded linear molecules and the
isotropic (' dispersion coefficient for C H, was estimated by:

Cocts Qe Lo,
.CyH: _ '0.C4H, CsH, (-l.l:“

. - -2
CocH:  Qgc,u, loan,
The O scaling law was tested by using the molecular properties for CO, and C,H,.
The estimated (s value for CO, was found to be in reasonable agreement (3-10% )

with more accurate values from the literature [93].
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Table 1.1 Aromic and diatoruic input properties for estimating atom-molecule dispersion series for
Barker potentials. All units are atomic units.

‘o C Ce Cs/C 0" p

He 1.:383 1161 4. 17 9.69

Ne 2.663 6.3382 T3.37 10.73

Ar [1.08 66.39 1176.-1 17.59

Kr 16.74 135.1 2530.9 19.10

Ne 2729 281.2 7033.5 25.02

H. 5.53 12.14 205.2 17.72 0.475

N, (1.7 3.4 1825 21.36 113

O 13.4 S84 2616 29.6 -1.35 0.0-41
NO 1.7 69.0 1725 25.0 J1.33 0.062

*Quadrupole moments from ref. [117].

*Dipole moments from ref. [51].
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Table 4.2: Molecular input properties of hydrocarbon molecules used in estimating the anisotropic
dispersion series for Barker potentials. All units are atomic units.

Molecule ag a; ay) Cy Cs 0.." [P
. H, 2357 19.5 323 231 5585 231 0.419
C,H, 28,75 21.6 371 321 372 1.21 0.336
C.H, 12.52 3.1 63.15 660 23862 3.25 0.367
CH, 19.2 30.6 36.-1 900 36933 915 0.375

‘Quadrupole morments from ref. [117. 51].

*lonization Potentials from CRC [105].

Estimates for the isotropic ('« dispersion coetficients for the atom-molecule interac-
tions were obtained from observations based the atomic v/, ratios. To a reasonable
degree. the isotropic ratios of the Cy/C for He. Ne. Ar. Kr. and Ne when plotted

versits their atomic polarizabilties® were observed to follow the linear trend:

|
*®

S = r+ylay) (4.11)

)
3

where r and y are the fit parameters. The best fit terms in this model were found
to be r = 3.9 and y = 0.64. Using Equation !.l1. the average polarizablities. and
the isotropic C terms determined above. the (s contributions of the hydrocarbon
molecules were estimated. Table 1.1 shows the atomic input properties as well as the
(', and Cs values. Also shown are the molecular properties and the Cs and Cs terms
for the diatomic molecules compiled from various sources. The Cys and Cy coefficients
for the hyvdrocarbons are given in Table 1.2 along with the hydrocarbon molecular

properties.

SAl values from ref. {93].
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4-4-2  Anisotropic Dispersion Coefficients

The isotropic dispersion coefficients required the use of the average static polarizabil-
ties of the hydrocarbon molecules. In comparison. the determination the anisotropic
dispersion coefficients. requires the parallel and perpendicular polarizability compo-
nents of the molecules. For linear and symmetric top molecules. the average static
polarizability can expressed in terms of polarizability parallel and perpendicular to
the molecular symmetry axis. The average static polarizability is given by:

L

Gy = 5(a,, +2a,) (4.15)

where ay and a are the parallel and perpendicular polarizability components. re-
spectively.

Information from light scattering studies were used to determine the polarizabilty
anisotropy. p. for most of the molecules [19]. The polarizability anisotropy due to the

parallel. . and perpendicular. a . polarizabilities is defined by
p=ay—a, . (1.16)

Using Equations 4.15 and 1.16. the individual perpendicular and parallel polariz-
ability components can be expressed in terms of the experimental quantities. ay and
p. as:

a, = ;13(‘10 —-p) ay = q(fidu + 2p) (4.17)

As will be presented later. the important quantity for determining the anisotropic
coefficients C.Csa. and Cyy is the polarizability ratio . o, /a). Table 1.2 shows the
derived o) and o, values for the hydrocarbon molecules using the information from

the literature.

443 Atom - Linear Molecule [nteractions

A method developed by Pack [93] for atom -linear molecule syvstems was used to

estimate the mixed dispersion series for all the scattering systems presented in this



thesis.  In general this procedure depends on the atomic polarizabilties. the pure
isotropic dispersion coefficients of the atoms and molecules. and the molecular polar-
izabilty anisotropy ratios of the hvdrocarbons. Small induction contributions to the
second order energy are also included. Pack expresses the anisotropic van der Waals
coefficients Cyp. Ca. Cgy- Csa. and Cyy. in terms of the various properties and rather
complicated functions. known as the oscillator strength sums. Only a brief outline of
this method is presented here. Table 1.3 shows the estimated anisotropic dispersion
series for rare gas atom - hydrocarbon molecule interactions.

The dispersion and induction contributions to the (5 and (s coefficients are

treated separately. The C; terms are given by:

Chanap = Copap (dis) + Coy, (tnd)

Corar = Cooapldis) + Cya o (ind) (4. 13)

Simliarly. the (g terms are given by:

Cevap = Csoap (dis) + Cyy g (tnd)
Cvsg.,,b = C'S‘_).sz (([l*) + ('82.16 { i’l(l)

Cugapr = Csqanldis) + Cyy (ind) (+.19)

C; Induction Terms
For atom - nonpolar linear molecule interactions. the (s terms have no contribu-
tions from the induction energy.
Coons (tnd) =0 {4.20)
(i
Coaan (tnd) =0 (4.21)
Cs Induction Terms
For the (g terms. the induction terms result from the interaction of the permanent

quadrupole moment of the molecule. ©,. and the polarizability of the atom. «,.
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C'SU.*zﬁ (l.nll) = 2035_0 (znd) + D»{-I.U (lfld\i (-1.2'_))
. , 3,
Dysotind) =0 and  Daiyolind) = 5057, (1.23)
Ca I
Csoplind) = 2Ds5 5 (ind) + Dyys (ind) (4+.24)
L 2,
Dysotind) =0 and Dgotind) = —047a, (4.25)
i
sy I
C's,;dg (illfl) = 2Df{.—’,_‘! ([Il([‘ + D4.;_.; (i’lf[) {-1.26)
. 9 ..,
Diysitind) =0 and Dyyytind) = =04"a, (4.27)

)
C¢ Dispersion Terms
The isotropic term (s, 1s determined from the geometric combination rule in
equation +.11. The ratio of ('5/Cy; is expressed in terms of the polarizability ratio.

a, = ay /o

‘ ( 'oi() i
C'ﬁ(;_,l;‘, 1([1\) = \/Z'ﬁu_«;g ( ([i~5 } C'b'().5b (dl‘ ) { ‘1’28.
[ ,
C"-),, [* l. 1— r l—'( r ¥
A'h-.b"l- ) _ L ar Q ), (4.29)
Cooanldis) 201+ 20, | 4 9(a,)F

where o, = a, /ay.

C;s Dispersion Terms
The isotropic (g term for the mixed syvstems is obtained from an average of the

('«/C ratios of the pure interactions and the isotropic Cso term. The anisotropic
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terms C'sy and Cy, are expressed in complicated expressions of the oscillator strength

sums. S, (k). and the anisotropy ratio of parallel and perpendicular excitation oscil-

lator frequencies. « = «)/w), = /a..

Cw

~
7

where

€ {

-)——

Tl 4285, (k) 4+ 28, (k)

Cspan (dis) = 20350 (dts) + Dy (dis) + Diygpo(dis)

D50 (disp) =0

Dy (dis)

Do dis)

L.

= ="y .
3 H0.-2h

1
;( HU.2h

( 'su.blw

Cou5s

(— SU.11

('ﬁu.vm

Cspas(dis) = 20455 (dis) + Dy (dis) + Dyg s (des)

Das o (dis) =

[

Dy (dis) = =

Dygsotdis) =

-1

Sk + l(-‘i) 175.; (A)

+ C'h".’. 1h

D,

) C'ﬁu.fz‘)

and

L )
[; (e(—=2) + ¢t —-;/2 ) ’] D-H.U.Z ((1[.5‘)

1o (dis)

l .
[3(b(—2) + 61—3/2)»] Dyyoatdis)

(4.

(4.

-30)

3

32)

£.33)

34

35)

36)

37)



C'sy
Csaap tdis) = 2D35 y (dis) + Dygq(dis) (1.39)
) 2071 ) T )
Das i (dis) = Tl (g(=2)+ g (=3/2))| Dy (dis) (-1.-40)
. 61 1 .
D~l-l.-l..‘ (dis) = =15 (fl( =2+ d —;/2)) D,H_u_g (dis) {(1.41)
§ Lo E
where
Sy (k) = (2)F S50k L= 18, (k) + LS, (k)
gik)y = - | d(k)= s 3 {-1.42)
L I A TOu T AR Ll B YOu Y A YOy 3
iOs«'illator Strength Sumsl
, S L\E (L't : 3 Lk
Syek) =-<.—) : T Salk) = S
F\2e [+l/.’.(w’l ") _)[+|./_).(w’ ~)
3 | — L 31 | -«
Sy (k) Silh) = (+.43)

TR SV2sFTE T L/2.1-%)

where = = | a.. the square root of the ratio of the perpendicular and static polariz-

ahilities.
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Table 1.3: Anisotropic dispersion series for the rare gas-molecule interaction potentials. All unirs
are atounc units.

System Co Cs2 Cao Css Cas
He — C,H, 2 27 104 237 2
He — C4H, 31 73 T34 358 L1
He — CyHa 36 12 953 1612 361
Ne - C,H. N 6.0 728 519 67
Ne — CLH, A7 3.9 900 316 16
Ne — C4H, 67 16 1623 1363 308
Ne - CyH, 79 26 2098 3497 7SI
Ar — CLH, h 13 3315 1669 150
Ar — CyH, 210 19 33823 3993 998
Ar = CyHa 245 sl 7471 11226 2509

4edod Diatom - Linear Molecule [nteractions

The diatom - hydrocarbon molecule syvstems have electrostatic and induction contri-
butions to total long range interaction energy in addition to the dispersion energy.
Expressions for the orientation dependence of the electrostatic and induction inter-
actions have been previously derived by Buckingham [30]. They are reproduced here
to give an indication of the magnitude of the electrostatic and induction terms in

comparison to the dispersion energy contributions.
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| Electrostatic Terms |

The electrostatic terms consist of permanent multipole - multipole interactions. The

dipole-quadrupole and quadrupole-quadrupole interactions are given by:

. 34,0, ) . 3
V. = 35 [coa 0, (3 cos~ b, — l)]
30,0 y 2 2 )
+ 1 . : [l —5cos” 8, —cos” Oy + 1T cos~ 0, cos™ b
. r- t
+ 2sin’#,sin? 0, cos® o + 16sind, cos 8, sin @ sin b, cos o]. [y

. 1
Un(lucuon Terms|

The induction terms consist of permanent multipole moment - induced dipole mo-
ment interactions. The permanent dipole-induced dipole moment and permanent

quadrupole -induced dipole moment interactions are given by:

v _l(ibl:-: [;;cos-’a,, + l]

2 orh

L (On - ”J.) [T
R

— 3cos Y, — | + 12sin b, cos 0, sin b cos 8, cos o]. {4.45)

-i_

. 2 LI SR - 2
[l_)cos f.,cos” B + 3sin” 0, sin- 8, cos~ o

Table 1.4 shows the estimated electrostatic. induction. and dispersion coefficients
for diatomic molecule - hyvdrocarbon molecule interactions. The dispersion contribu-
tions which have been determined by the same method outlined for the atom-molecule
interactions are by far the largest contributions to the total interaction energy at long
range. The induction contributions are relatively small and can be ignored for the
most part. The electrostatic contributions are larger than the induction terms. but
still quite small in magnitude compared to the dispersion contributions. In the anal-
vsis of the scattering data. the electrostatic interactions have been ignored. However.
it is important to note that the 1/r* and 1/r® dependence of the electrostatic dipole-
quadrupole. and quadrupole-quadrupole interactions will affect the total interaction
potential for intermediate ranges because they fall off less quickly than 1/r®. [f the

orientational average of the diatom is considered. since in the experiments . all orien-
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Table -1.-: Electrostatic. tnduction. and dispersion series coeflicients for diatomic-molecule interac-
tion potentials. All units are atomic units.

Dispersion Electrostatic [nduction

System Cow  Car Cao G Cu | Cue, Copn | Cir Couz

Hy — CoHy | 624 79 1428 725 74
Ho — CyHy | %95 21 2515 23587 449.5

H, — C4H, 10L5 305 3234 1334 1106

N, —CoHy | 15355 196 1031 1824 160 13T
N, —CyHy | o220 506 6900 6413 1043 -3.67

O - C,H, 143 22 3949 2010 263 0.102 -4.27 | 0.046  0.024
CO—-C,Hy 1635 215 4324 2044 L 0.053 -2.24 ) 0.056 0.024
CO - CyHy | 2415 36.6  S153 7155 1133 | 0.143 -6.01 | 0.082 0.066

NO — C,H, 126 19.7 3193 17338 231 0.143 -3.07 | 0.091  0.049
NO - ', H, 149 19 3919 1770 156 0.075 -1.63 0.11 0.043

NO—-CyHy | 213 530 6710 6227 1016 | 0.202  -1.32 0.16  0.132

tations of the diatomic molecule are equally probable. the electrostatic contributions
completely cancel. In contrast. in the case of the induction energy. the averaging over
the diatom orientation leaves rather small 1/r” contributions that may simply be
added to the isotropic Cyy dispersion coefficients if desired. Given that the esimated
nncertainty in the dispersion coefficients is greater than 10%. the induction terms are

more or less insignificant.



Chapter 5

SCATTERING ANALYSIS

5.1 Summary of Scattering Features

The determination of intermolecular potentials from molecular scattering experiments
requires the analysis of resolved diffraction and rainbow oscillations in the experimen-
tal differential scattering cross sections. The general procedure for the extraction of
potential energy surface information is to: 1) assume a particular model potential with
adjustable titting parameters. 2) calculate the theoretical scattering cross section. and
3) compare the theoretical prediction to the experimentally observed scattering cross
section. In most cases. refinement of the potential parameters leads to a suitable
agreement between the theoretical and experimental results. In addition. if com-
plementary experimental data is used to constrain some parameters in the analysis.
usnally an improved potential energy surface can be determined.

Previous studies of atomic and weakly anisotropic svstems have shown that the
presence of the diffraction and rainbow oscillations can be used to determine the
potential energy surface with good certainty. In particular. high frequency diffraction
oscillations primarily provide information on the scale of the potential. while rainbow
vscillations mostly provide information on the strength of the interaction. The angular
spacing of the diffraction maxima are sensitive to the radial position of the potential
minimum. and the angular position of the rainbow peak is related to the potential
well depth.

The origin of the quantum interference features can be described in significant

detail using the semiclassical approach. where wavelike particles are considered to
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follow classical scattering trajectories. Classically. collisions originating from several
different impact parameters may be deflected to the same scattering angle for systems
with attractive-repulsive potentials. If we associate a wavelength with each classical
deflection. interference effects must be considered. Since the particles travel differ-
ent path lengths. the relative phase differences between the scattered waves lead to
constructive and deconstructive oscillations in the scattering amplitudes.

The classical scattering theory presented in Chapter 3 showed a typical example of
a deflection fitnction for an attractive-repulsive potential. where three impact param-
eters. by, by, and by, lead to scattering at the same angle. In reference to Figure 3.2.
small impact parameters (h;) probe the repulsive short range interaction. while large

impact parameters (b, and b4) probe the attractive long range part of the potential.

Figure 5.1: Interferences between scattered particle waves resulting from repulsive by and attractive
b collision gives rise to diffraction oscillations.

Interference between waves scattered from the repulsive and attractive parts of
the potential give rise to fast diffractive structure in the differential cross section. As
shown in Figure 5.1. particles with trajectories b; and b, (or h3) travel comparably
different paths leading to relative phase differences between the scattered waves that

either constructively or deconstructively interfere depending on the scattering angle.
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[f one considers an average impact parameter. by = (by + b)/2. assuming that the
attractive and repulsive contributions tend to cancel for this trajectory. the angular
spacing of the diffraction maxima be related to the scale of the potential. or more

intuitively. the position of the radial minimum. by = r,.

Figure 5.2: Interferences between scatrered particle waves resulting from attractive collisions b+ and
by sive rise to rainbow oscillations.

Interference between the waves scattered from the attractive part of the potential
give rise to slow rainbow structure in the differential cross section. As shown in
Figure 5.2, the stimilar paths traveled by the closely spaced trajectories by and by
result primarily in constructive interference at the scattering angle. As the impact
parameters become closer together. much larger angular deflections are needed to
cause a 2% change of phase between the scattered waves. therefore usually only a
single rainbow oscillation is observed in thermal scattering experiments.

For diffraction oscillations. the center of mass angular spacing of the diffraction

maxima. . is related to the potential radial minimum. r,,. by:

m "

0~ — = — 3.
A T (5.1)

where & is the associated wave vector at the relative collision energy. £ = 1/2ug”.
The form of Equation 5.1 is analogous to Fraunhofer diffraction from optics. However.
rather than the diffraction of a light wave by an aperture. in molecular scattering we

observe the diffraction of a matter wave caused by the interaction potential. The



reduced wave vector. k. is strongly dependent on the reduced mass of the system.
[n general. the diffraction oscillations for small reduced mass svstems. such as those
involving He and H,. have much greater angular spacing compared to large reduced
mass svstems for the same relative collision energy. The extremely fast diffraction
oscillations for rather large reduced mass systems can be difficult to resolve with
typical experimental angular resolutions (= 1°).

For rhe rainbow oscillations. rhe position of the rainbow maximum. #g. is approx-

imately related to the spherical potential well depth. €. by:

e
g ~ — (5.2)
R=F

where £ is the relative collision energy. and the factor of 2 results from the assumption
ofa LJ 12-6 interaction potential. For most van der Waals systems at thermal energies.
the ratio £/¢ =~ 5 — 10. allowing resolved rainbow oscillations to be observed onlyv
tor large theavy) reduced mass systems. such as those involving Ar. For very weak
interactions the rainbow peak lies inside the forward scattering. an angular range
which is not measured in most differential scattering experiments.

Equations 5.1 and 5.2 are most applicable to spherical interactions. but they can
provide qualitative guidance in the analvsis of anisotropic svstems. The rainbow
and diffraction oscillations in total differential scattering measurements of molecular
svstems are significantly damped by the potential energy surface anisotropy. Previous
experimental and theoretical studies of linear and non spherical molecules have shown
that the damping of the scattering features in total differential scattering experiments
can be used to extract information on the anisotropy of the potential energy surface
to a high degree of accuracy.

[n an initial study using [0S calculations to investigate He and Ar-CQO. inter-
action potentials. Pack observed theoretically that the damping of the diffraction
oscillations are mostly attributed to the anisotropy in the radial position minimum.

while the damping of the rainbow oscillations is primarily related to the anisotropy
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in the well depth [Y6]. Over the vears. Keil and co-workers have measured the total
differential scattering of He from several diatomic ( N». O,. CO. and NO ) [65] and
polyatomic molecules ( CHy. NHi. H,0. SFs. CO». N0, and C,N,)[65. 99]. For the
diatomic and spherical top molecules systems only central potentials were obtained
from the analysis of the scattering data. However. for the long linear molecule syvs-
tems involving CO». N,0. and C,N,. the pronounced damping allowed the estimation
of potential radial and angular anisotropies. Danielson et. al. has investigated He
scattering from several hydrocarbons C,H,.C,H,. C,Hys. CHF ;5 obtaining anisotropic
potentials [40. t1]. Using similar methods. Este et al. have developed anisotropic
potential models for H atom - CH;.C,H,. C,Hs.CiHy. from total differential scat-
tering experiments [12]. Others have studied H. scattering from several of the same
diatomic and spherical top molecules already mentioned [67].

Pack obtained anisotropic potentials for Ar and Kr - SFy from the damping of
rainbow oscillations in the the total differential scattering cross sections [97]. Yang
measured the total differential scattering of He. H,. N,. and Ar from C,H, and ob-
served both the damping of diffraction and rainbow oscillations [26. 126. 121]. For the
heavier Ar and N, -C,H, svstems. Yang used structural information obtained from
spectroscopy to constrain the radial potential minimum position during the fitting of
rainbow oscillations. since no diffraction oscillations were resolved in the scattering
cross sections. [n the case of by Ar- C,H,. an improved potential energy surface was
obtained which agreed with both spectroscopic and scattering data. in contrast to the
existing model surfaces which were valid for only one particular set of data[127]. Later
analysis by Yang and co-workers of the Ar- C,H, interaction using ab initio. spec-
troscopic. and scattering data have refined the potential surface still further. These
studies demonstrate. importantly. that using existing experimental information in
the fitting of total differential scattering data helps ensure confidence in obtaining a
unique potential energy surface.

Table 5.1 shows a summary of the scattering systems investigated in this thesis.
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Listed are the reduced masses. associated wavevectors. and relative collision energies!
for each atmospheric gas-hvdrocarbon molecule interaction. Also. identified are the
observed scattering features in the total differential scattering cross sections. Based
on these observations. it is possible to classify the results based on the observed scat-
tering features and the tyvpe of interactions involved. In general. the light reduced
mass systems ( He and H.). with the smallest associated wavevectors (large deBroglie
wavelengths) exhibit fast diffraction oscillations. while the the heavy reduced mass
svstems (N, CO. NO. and Ar). with the largest associated wavevectors (small de-
Broglie wavelengths) reveal only rainbow oscillations. For the “medium™ reduced
mass systems involving Ne. both scattering features are simultaneously observed in
the differential scattering cross sections. The rare gas-unsaturated hydrocarbons sys-
tems involve interactions dominated only by dispersion forces. while the diatomic
molecile svstems also contain interactions dependent on electrostatic and inductive

forces.

'Calenlated using the most probable velocities obtained from the TOF analysis.



Table 5.1: Summary of Scattering Features

It k  Energy Energv Feature® Reference
Svstem amu A Kelvin em™!
H, - C,H, .38 3.3 339 617 diff.
H., - C,H, .92 3. 396 623 diff.
H, - CyH, L9+ 3.5 Y8 624 iff.
He — CLH, 3.50 110 336 381 diff. [41]
He — C5H, 3.64 113 SR H3Y diff.
He — CyH, .70 1L AR Shh] diff.
Ne — C,H, 1137 213 958 666 diff./rain.
Ne — C,Hy 1173 219 983 633  diff./rain.  [123. 102. 56. 32. 61]
Ne — CyHy o 13420 242 1045 126 diff. /rain.
Ne - CyHy  1H39 252 1060 37 rain.
N, —CoH, 1400 239 L1155 202 rain.
N, - CyH, 1647 29,1 1262 STV rain.
CO-CyH, 1343 2511 L1224 31 rain. [13. 76. 77]
CO=C,H, 1400 259 1156 303 rain.
CO - CyHy 1647 294 1263 ST rain.
NO - CyHy 1393 258 L5l =00 rain.
NO - CoHy ths 267 LI S23  rain. (33}
NO - CyHy 1714 304 1301 90- rain.
Ar = CyHy 1647 267 10-H 725 rain. [15.56. 123. 61. 102. 32]
Ar—=CyHy  20.00 309 L150 99 rain.
Ar—CyHy 2222 330 1183 822 rain. [16]
He — Ar 3.64 109 790 550 diff. [10]

*iff. = diffraction oscillation. and ratn. = rainbow oscillation
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Also listed in Table 5.1 are references compiled from the literature. listing sources
of relevant information that may be used in the analysis of the scattering data. In
general. the references include: previous scattering measurements: various theoretical
studies of potential energy surfaces: and. most importantly. [R and microwave spec-
troscopic information on the complementary dimer clusters. Most of the literature
has focused on studies concerning the smaller hyvdrocarbon systems (C,H,. C.Hy).
while very little information exists on the interactions of rare gas atoms and diatomic
molecules. N, CO. and NO. with C4H,; and C;H,. Previous total differential scat-
tering studies have involved the scattering of light probe particles. He and H,. In
contrast. spectroscopic experiments have focused mainly on the interactions of polar
molecules or strongly interacting atoms. the most notable being HF. NHs. H,0. and
Ar. with several hydrocarbon molecules. As a result. complementary sets of exper-
imental data from both scattering and spectroscopy exist only for a few number of
syvstems. In particular. experimental information on nonpolar molecular interactions
is much less abundant in comparison to the so called hydrogen bonding studies.

The systems listed in Table 5.1 represent a class of van der Waals systems involving
the interaction between a rare gas atom. or an essentially nonpolar diatomic molecule.
and a larger. cylindrically shaped. unsaturated hydrocarbon molecule. Neglecting the
small electrostatic and inductive energy contributions. these interactions are assumed
to be dominated by dispersion forces. Further. the sequential C — C rigid bonding
frameworks and the 7 electronic structures of each of the hvdrocarbon molecules is
expected to contribute significantly to the size and shape anisotropies in these systems.

To aid the analysis of such a large number of scattering systems. it is useful to
separate the results into three classes: 1) light interactions (He and H,). 2) heavy
interactions (Ne and Ar). and 3) diatomic interactions (N,. CO. and NO). By appli-
cation of Equations 5.1 and 3.2 many general trends and indications of the molecular

anisotropy can be identified in the scattering data.
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3.1.1 Light Interactions

Figures 3.3 and 5.4 show the differential scattering of He and H.,. respectively from
each of the unsaturated hvdrocarbon molecules. where each cross section has been
scaled by an arbitrary factor for clarity. The He results show 3-4 resolved diffraction
oscillations with an approximate spacing of 3° for each of the C,H,. C4H,. and C H,
molecules. The damping of the cross sections is most significant at large scattering
angles. The length of the hydrocarbon has a significant effect on the diffraction
structure. The smaller ethylene is the least damped system. while the longer C,H,
and C'yH, much more damped. indicating a larger relative anisotropy in these syvstems.
The interaction strength for most He interactions is approximately 30-10 K.. so no
obvious rainbow structure appears in angular range the scattering measurements.
Figure 5.4 shows the H, scattering from each of the hydrocarbon molecules. Simi-
lar trends in the damping of the diffraction oscillations is observed at large scattering
angles and as the length of the hydrocarbon increases. An interesting damping pattern
15 obvious in the H,-CiH, svystem. where the second oscillation is almost completely
damped. and for the H,-CH, system. the diffraction structure is almost completelyv
quenched at all angles. In comparison to the He results. the H, results show a greater
number of oscillations (3-6) and a larger angular spacing (4 — 3°) between diffraction
maxima. [hese changes are consistent with the expected changes in the interaction
strength and reduced mass of H, svstems. The interaction strength for most H,
svstemns 1s approximately 100 K. and the reduced mass of the system has decreased
essentially two-fold. No apparent rainbow structure can be identified in the H, scat-

tering results.
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3.1.2 Heavy Interactions

Figures 5.5. 53.6. and 3.7 show the differential scattering of Ne and Ar atoms from
cach of the hydrocarbon molecules. These heavier reduced mass syvstems primary
show rainbow oscillations. since the closely spaced diffraction oscillations are diffi-
cult to resolve given the angular resolutions of the experiments. Figure 5.5 shows
the resolved rainbows for the Ne scattering svstems. where scattering intensities have
been weighted by an angular dependent factor (sin (8) 8%/3) to more clearly show the
scattering features. An obvious trend emerges: as the size of the hvdrocarbon in-
creases. the rainbow peak position moves to larger angles and the rainbow amplitude
increases. Both effects indicate an increasing interaction strength for the more polar-
izable hydrocarbon molecules.

(lose examination of the Ne-C,H, result shows the presence of fast diffractive
structure at smaller scattering angles. To examine this structure. the angular resolu-
tion of the experiment was improved by placing the bolometer in position A. and the
scattering cross sections for the Ne-C,H.,. CoHy. and C3Hy systems were remeasurerd
as shown in Figure 5.6. The high resolution Ne scattering exhibits both scattering
features. but covers a much smaller angular range due to a lower signal-to-noise ratio.
As observed at low resolution. the rainbow oscillations shift to larger scattering angles
as the hyvdrocarbon size increases. At high resolution the fast diffraction structure
(A0 ~ 1.5%) is resolved but highly damped in all svstems. barely noticeable in the Ne-
CsHy cross section. The presence of both damped diffraction and rainbow oscillations.
provides complete information for determining the anisotropy in these systems.

Figure 5.7 shows the Ar-C,H,. C3H,. CyH, scattering results. No apparent diffrac-
tion oscillations were resolved in the total differential scattering cross sections at either
detecror position. Compared to the Ne scattering the rainbow structure is more sig-
nificantly damped and rainbow peak appears at much greater angles. both features

imcreasing with the size of the hydrocarbon. In the case the Ar-C H, svstems. the



damping almost completely precludes an obvious assignment of the rainbow peak. but
the scattering at larger angles implies an interaction strength that is much greater
than any of the systems already discussed. The very large damping in the Ar scat-
tering cross sections indicate qualitatively. a large anisotropies in the well depths for
these systems. However. contributions to the damping caused by inelastic scattering

effects cannot be completely ruled out.
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3.1.3 Diatomic Interactions

Figures 5.3. 5.9. and 5.10 show the total differential scattering cross sections for N,.
CO. and NO. respectively. In general. all the diatomic interactions with the various
hydrocarbons exhibit only broadened rainbow oscillations. For each probe case. as
the polarizability of the hydrocarbon target increases. the rainbow maximum shifts
to larger angles. again indicating a more attractive. interaction for the the more
polarizable hyvdrocarbon molecules. If we compare the positions of the rainbows for
a fixed target interaction the same trend is true. For example. the lab angle peak
positions appear at 8.3°. 9.3°_ and 3.5° for N,. CO. and NO with ethylene. respectively.

Further. if we compare the shapes of the rainbows for the C,H,. C,H,. and CyH,
resitlts for each diatomic probe case. we see a consistent trend for the acetylene
scattering cross sections to be more damped than the ethylene and allene cross sections
at large scattering angles. and the allene cross sections are considerably more damped
than those for ethvlene. In many of the svstems. the actual rainbow peak is difficult
to assign. However. the broadened shapes of rainbows are strongly indicative of the
anisotropy in these syvstems.

From high resolution IR spectroscopy. CO and N, are known to form linear com-
plexes with acetylene [13. 76. 77]. while information on the NO-C,H; dimer trom
predissociation spectra [33]. indicates that NO-C,H, interaction is T-shaped. Con-
sidering the scattering results in context to the existing spectroscopic information.
perhaps preliminary conclusions may be drawn as to the structural properties of
the diatom-hvdrocarbon complexes. Based on the pattern of the total differential
scattering data alone. the diatom-acetylene svstems appear to be linear. while the
diatom-ethyvlene and allene syvstems are most likely T-shaped. Nevertheless. a full
[0S analyvis of the scattering data needs be carried out to test the validity of this

hypothesis.
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5.2 Experimental Averaging

While the damping of the scattering features is mostly due to the anisotropy of the
potential energy surfaces. additional damping also arises from the experimental energy
and angular resolutions. To a certain degree. the effect of the experimental averaging
has been reduced by the use of supersonic molecular beams. collimating apertures. and
a small detector size. Despite this. the full extent of the experimental damping must
be accounted for. in order to more accurately extract the potential surface anisotropy
from the differential scattering cross sections.

The determination of the anisotropic potential energy surface results from a “best-
fit” comparison of an experimentally averaged. theoretical differential cross section to
the experimentally observed results. In general. the theoretical cross section must be
transformed from the center-of-mass (CM) frame to the laboratory (LAB) frame and
averaged over the velocity distributions. the scattering volume. and the detector size
before comparison to the experimental results can be made.

[n an idealized experiment. the number of particles scattered per unit time to a

detector situated at #p,, and o, and subtending the solid angle Q. is given by:
dl(01,5.00) = ny ny g [°(0,5. 0108) dQy dV {3.3)

where ny and n, are the primary and secondary beam number densities. ¢ is the
relative velocity defined by the initial source velocities. r; and ry. and d\ corresponds
to the infinitesimal scattering volume defined by the crossed beams. The important
quantity. [°(#.,:). 1s the differential cross section in the LAB frame. which is related

to the theoretical differential scattering cross section in the CM frame by
[° 1O108.0pn) = J (dec. d) [ {0 e Oorr) {5.4)

with .J (dQ. dw) being the jacobian transforming the CM to t LAB frame solid angles.

de and dQ. respectively.
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3.2.0 CMto LAB Transformation

The transformation of the theoretical cross section from the center-of-mass reference
frame to the laboratory reference frame is most easily understood in terms of the
Newton diagram. Figure 5.11 shows a typical Newton diagram for the in-plane (oy,; =
[30°) scattering of a light particle (rn;) from a heavy particle (rn,). ry and ¢, are
initial velocity vectors intersecting at the LAB scattering center with an angle (.
detining the relative velocity. g = vy — va|. The initial CM velocity vectors u; and
wy intersect at the C'M onigin. which is displaced from the LAB origin by the center-
of-mass velocity. rr... The LAB scattering angle is defined by the angle between the
initial and tinal LAB velocity vectors. ry and r]. Likewise. the CM scattering angle
is defined by the angle between the initial and final CM velocity vectors. u; and u;.

[n the scattering process. the total relative collision energy must be conserved.
For an elastic scattering event. this implies that the initial and final velocity vectors
in the C\ frame are equal. u; = uj and us = uj3. Figure 5.11 depicts the conservation
of energy for particle 1 by a solid circle of radius u; centered at the CM origin. and
similarly. the conservation of energy for particle 2 by a dashed circle of radius u, at the
same CM origin. It is important to notice that as the position of the detector sweeps
through angles 0 — #;,; in the LAB frame. there is one corresponding CM angle for
the scattering of particle L. Particle 2. however. is not scattered into the range of LAB
angles shown. Further. the tinal LAB velocity of particle 1 increases throughout the
range of LAB angles. as indicated by the position where ] cuts the Newton sphere.
For scattering systems where the lighter particle. iy < m,. is detected. the LAB
and CM scattering angles are similar. 8,5 = 6.,.. and an unambiguous scattering
transformation exists between the CM and LAB angles. This is the case for the
scattering of light particles such as He and H,.

In the detection of the heavier particle. the CM to LAB transformation is more

complicated. Figure 5.12 shows a tvpical Newton diagram for the in-plane scattering
2 - D D
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Figure 5.11: Newton Diagram for Elastic Scattering - Light Particle Detection



of a heavier particle (rm,;) from a lighter particle (m.). The depicted symbols corre-
spond to the same velocities and angles as mentioned in the previous figure. However
in this case. several important differences appear. No longer is there an unambiguous
scattering event. since more than one CM angle contributes to the scattering at a
given LAB angle. Notice there are two scattering contributions for the particle 1 and
only one from particle 2. This complicates the analysis since the bolometer is only
sensitive to the total flux hitting the surface and not the particle’s identity. There-
fore. a separate C'M differential scattering cross sections must be calculated for each
contribution that reaches the detector. Although. the backward scattering of particle
[ with much slower velocities can be neglected. since the bolometer is less sensitive
to slower moving particles.

In Figure 5.12_ it is also important to note that the corresponding range of CM an-
gles 1s much greater than the range of LAB angles covered by the detector. Therefore.
the compression of the many CM angles into LAB frame contributes to the damping
observed in the experimental cross sections. For scattering svstems where the heavier
particle. iy < . is detected the LAB angles are approximately half as large as the
CM angles. 4., < 20 .,.. This case applies mostly for the Ar-hvdrocarbons syvstems.
The compression of CM angles into the LAB frame and the numerous scattering
contributions makes rhe direct interpretation of the LAB frame scattering features
ditficult. Any conclusions about the potential parameters drawn from the spherical
model analyvses are qualitative at best.

Thus far only elastic scattering contributions have been discussed in the analysis
of the scattering data. For inelastic scattering events. the internal energy of the
molecules may change during the collision process. The conservation of energy implies
that the CM velocity must change accordingly with the internal state excitation or

de-excitation of the molecule. The final CM velocity for an inelastic scattering event



Figure 5.12: Newton Diagram for Elastic Scattering-Heavy Particle Detection
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1s given by

oj

us AF - -

u;
where £ = 1/2pg” and AE = E o~ E . \is the known as the CM velocity stretching
ratio. allowing the inelastic Newton spheres to be calculated from the fractional energy
transfer. For rotational excitation of the target molecule A\ < L. while for de-excitation
A > 1. Obviously. the elastic scattering condition is when \ = I.

Figure 5.13 shows a Newton diagram for the inelastic scattering of the Ar-C H.,
svstem. considering only rotational excitation of the diacetyvlene molecule. The solid
circles indicate the elastic scattering of both particle I (Ar) and particle 2 (C,H.).
while the dashed circles represent the final rotational states j/ = 10. 20. and 50 for
the diacetylene molecule. The most obvious feature is that for a given LAB angle.
there are several scattering contributions from both elastic and inelastic scattering
events which reach the detector. each having a different CM transformation. Due to
the small rotational constant of C H, there are many accessible rotational channels
which need to be accounted for. However. the separation of the elastic and inelastic
scattering contributions requires a very sophisticated analysis. which is bevond the
scope of this thesis. [n a first approximation. under the assumption that the damping
effects are dominated by elastic collisions at small angles. only an [0S analysis of
the total scattering cross sections were carried out. A reasonable approach. given the
unavailability of potential energy surface information for the many of the molecular
syvstems.

In addition. the inelastic Newton diagram indicates the origin of the large \j
inelasticities that were theoretically predicted by Yang [127]. [n Figure 5.13. the
detector position eclipses the side of the ;/ = 50 Newton sphere. where 6., angle
approaches zero for a finite LAB scattering angle. Consequently. this kinematic ef-
fect implies that sharp inelastic scattering features may be observed at small LAB

scattering angles. The classical interpretation is that these features result from large



Figure 5.13: Newton Diagram for [nelastic Scattering Ar from Diacetvlene.

impact parameter “tipping~ collisions which cause large rotational state transitions
but are only minimally deflected to small angles. Unfortunately. no such sharp inelas-
tic scattering features were observed in any of the measured scattering cross sections.
As vet. no experimental evidence exists to suggest that such novel rotationally inelas-
tic features are indeed real. Additional state-selective experiments or time of Hight
methods would have be used in order to distinguish between the elastic and inelastic
contributions in the total differential cross sections. Resolved rotational state infor-
mation would be invaluable for determine the anisotropic potentials for these larger

molecular systems. especially in the repulsive region.
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The elastic and inelastic Newton diagrams indicate the complexity of the scattering
dynamics and the basis of the CM to LAB transformation. From any of the Newton
diagrams. the ratio solid angles in the two reference frames can be determined. The
jacobian for the transformation from the CM to LAB frame is given by:

N
J (dw.dQ) = (“—‘) o (5.6)
ry ) |cosn|
where 5 is defined by the angle between the final velocity vectors u; and r{.

[n the analysis. rather than calculate the full differential cross section over the full
('M angular range. we only determine the differential scattering cross section for the
("M angles which correspond to the experimentally observed LAB angles. Extensive
derivations of the CM to LAB transformation procedures for the differential scattering
cross section measurements have been presented in the literature [57]. as well as by
previous workers in our laboratory [22. 21]. A review of the important relationships
presented in those source is given here for clarity.

[n general. all the transformation properties can be expressed in terms of the ini-
tially known quantities such as: the particle masses ( rn, and ). particle velocities
(ry. 12 go uy. uye and o). and angular variables (8. ~. 8. and (). The final labo-
ratory velocity of either particle is determined in terms of the LAB frame stretching

velocity ratio. \ = r7/r; using the equation:
,.‘:Tn. "'.'m
A=|— ) Dx||l—
" v

D =cos(~ —H8,) . (35.8)

[

where

The jacobian transforming CM solid angle to the corresponding LAB solid angle
in Equnation 5.6 1s expressed in terms of the initial laboratory and center-of-mass
variables by :

3.2

ARG .
Jide.dQ)) = -—\—‘—‘, |cos & + A[(u;/r;)(C + \B) + .-l]]_l (5.9)
n:

’ '
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where the subscript indicates the jacobian for the detection of either particle | or 2.
The CM angles corresponding to each LAB angle for in-plane scattering (op; =

INO) are determined using:

r; (B - :12) - .
tanf ., = \— 5.10
an " [1 A (/) ” (2.10)

where

A = cos(Op +8) —cose/\ (5.10)
B = sin®l,, + C? (5.12)
C = coslp — I/\. (5.13)

Once the theoretical differential scattering cross section has been calculated in
the C'M frame. it is transformed to the LAB frame via the jacobian. and has to be
averaged over the velocity distributions. scattering volume. and detector size before
comparison to the experimental results. I[n addition. all contributions to the total
scattering signal must be considered. The integration of Equation 5.3 over all the

experimental variables. considering all scattering contributions. is given by:

Lave (O :Z/,IQ,,/(A;/(A-./(1.-2 Flen) Fomn L0 Dty 5.
: "

where the 1/ has been added to account for non-stationary target molecules. and
D (171 is the velocity dependent bolometer detection sensitivity.

The bolometer detection efficiency is proportional to the total energy released by
the incident scattered flux. The predominate contributions to the detection efficiency
result from the absorption energy. E,. due to the condensation of particles on the
bolometer surface and translational kinetic energy 1/2 m;r*? energy. The detector

response function is expressed as:.

l "
D(r’y x E, + _‘)’Hll‘l':-. (5.15)
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For the non-condensible particles. primarily He. the translational kinetic energy is
the dominate contribution to the detector response. while for more condensible species
such as Ar.N,.CO. and NO. the surface adsorption energy may dominate. Previous
workers have investigated the bolometer detection response function [22. 121. 121] for
various systems. In general. only the translation kinetic energy dependence has been
considered for most analyses. since the surface adsorption energies of most incident
species are not accurately known. The effect of neglecting the surface adsorption
energy release of the condensible particles may result in a over estimation of the scat-
tering contributions at angles greater than the rainbow angle. which is most sensitive
the repulsive part of the potential energy surface. Previous investigations which con-
sidered all cases for the detection efficiency have concluded that the position of the
rainbow peak is largely unaffected by the choice of the detection response. Based on
these previous findings. only the final translational kinetic energy of the particles has
been considered in the analysis of the scattering data presented here. In order to keep
the proper units of the calculated scattering cross section. the detection efficiency is
weighted by the average kinetic energy as:

2
D(r") = ('—) . (5.16)
(A
The detector response for each LAB angle is then calculated using the initial velocity
information and the stretching ratio. .\ given earlier.

The actual averaging procedure for Equation 5.11 is carried out in two proce-
dures by separating the velocity dependent variables from the apparatus geometrical
variables. The theoretical differential scattering cross section is first energy averaged
over the velocity distributions of the two beams before the angular averaging over the
detector size and scattering volume is carried out. The full extent of the averaging
procedures concerning the molecular beam apparatus has been described in detail
elsewhere [22. 21]. However. since this procedure plays a large role in the success of

determining anisotropic potentials from the total differential scattering cross sections.



142

a brief outline of the experimental averaging is worth reviewing here.

3.2.2 FEnergy Averaging

Rather than perform the velocity averaging over the individual velocity distributions.
it is more convenient to conduct the velocity averaging in the corresponding CM vari-
ables. Since the scattering dynamics depend only upon the relative collision energy.
the velocity integration variables ¢y and r, may be transformed to the variables g. (.

and ¢ where the velocity averaging is transformed by:

/,1,-1/,1"_, — /dg/dg/da‘ (5.17)

and the CM variables in terms of the LAB velocities can be obtained from the Newton

diagram as:
gsin o _

gsin{(¢ + ¢) \
= J—k and ¢y = ——. (5.13)
sin ¢ sin ¢
and the jacobian of the transformation is given by:
) . g -
Jorpere 8 g.g.8) = —— . (3.19)
sin ¢

As mentioned earlier in the Experimental Methods. the supersonic velocity distri-

butions of the primary and secondarv beams have the form:

_( [ A ,-)

fleyde = -\’:'3exp dr . (5.20)

4
U
"
Since the relative velocity is a function the angle between the LAB velocities (.
the energy averaging must performed over the non-orthogonal collisions due to the
angular divergence of the secondary beam. The average over  is carried out assuming

the secondary beam angular divergence follows a Gaussian distribution as:
(5.21)

s(¢)=exp|—1In2

where \ is the full width at the half maximum.
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Using the transformation properties and CM velocity variables. the velocity aver-

aged differential scattering cross section may be expressed as:

[.(01s) = \—./(1(/(1_(//(1(5 flg.8.¢) Jo(riva.d | g.C.0) s(Q) [P(ls)  (5.22)

where 1/.V, expresses the proper normalization integral for the energy averaging pro-
cedure. and f (g.4.¢) includes the transformed velocity distributions and bolometer
detection efficiency.

The integration of Equation 5.22 is performed using Gauss-Chebyshev numerical
quadratures in g. ¢. and . The integration limits for g and ¢ are determined by the
10 velocity cutoff points obtained using the stream velocities and velocity widths of
the primary and secondary beams. while ¢ integration limits are determined by the
secondary beam angular divergence. The covergence of the integrations are tested by
increasing the number of quadrature points for each variable. Usually 7-9 points in
each variable give an adequate smoothing. which will be discussed later for the He-Ar

test results.

3.2 Adngular Arveraging

After the energy averaging. the differential scattering cross section must he averaged
over the geometrical variables defining the detector size and the finite scattering

volume. The angular averaging of the energy averaged cross section is given by :
[ave (B1s) = /([Q,z/([‘; [.(01) (5.23)

The solid angle may be expressed in terms of the detector size variables o and
h. where o represents the lateral position on the bolometer surface. and k is the
bolometer surface height above and below the plane of the plane of the crossed beams.
Figure 5.14 shows the relevant parameters for the angular averaging procedure. The

solid angle expressed in terms of the two geometric variables is given by:

dQy = w ({.h.a) da dh (9.2:4)
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where
w(¢.h.a) =a2cosa(a"’-+—h"’cosza)--z (5.23)
and
a = R — zcosb, (3.26)
and
= Lytan(7/2 =) (5.27)

Since the primary beam was initially assumed to have no width. the scattering
volume integration becomes one dimensional (dV; — dz). where the distance = in-
dicates the scattering zone position along the direction of the primary beam. The

angular averaging is then determined by:

| -
[avE (O = T/rl:/flﬂ/dh wil. h.ay [, (01 + a) (3.23)

where 1/V, 1s the normalization factor. and the integration over the horizontal holome-

ter width is included by modifving the LAB angles by a.

b
primary eff
beam bolometer
L

secondary
beam

Fignre 5.14: The geometric variables for angular averaging procedure over the scattering volume
and detector size



The previous work conducted in our lab showed that the integral over the detector
height may be performed analytically. since the out-of-plane averaging contributes lit-
tie to the full averaging procedure{22]. Further. it was also found that the assumption
of zero angular divergence for the primary beam did not allow for adequate smoothing
of the cross sections at small angles [21]. In order to avoid further integrations over
the scattering volume. the primary beam divergence was included into the integra-
tion over the detector size. The projection of the primary beam angular divergence at
the scattering center was used to determine ~effective” bolometer dimensions. Con-
sidering these modifications. the integration over the detector height is then given

bv:

1

/rlh wi{G.h.a)=h.ffcosa (n" + /szf cos”(a)/ﬂ)-'T (5.29)

with

h.jr=he+ 2L tan (A/2) (5.30)

and where hy 1s the actual bolometer height. and the second term indicates the pro-
jection of the primary beam angular divergence onto the detector height.
Similarly. the detector width was modified to account the primary beam diver-

gence. The ~effective” bolometer width is given by:
h.pp=hy+ 2L tan (A/2) cos O, (5.31)

where by is the actual bolometer width. The modification of the bolometer width.
thus increases the range of the a integration in Equation 5.23.

The angular average integration is carried out using a 4-point Gauss-Legendre
quadrature for both variables. Table 5.2 shows the various experimentally important
distances which define angular divergences. the scattering volume. and the angular

resolutions characteristic of the molecular heam apparatus.
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Table 5.2: Experimentally important distances defining scattering volume. angular divergences. and
angular resolution of total differential scattering experiments.

Property Syvmbol  Primarv  Secondaryv Detector
Beam Beam

nozzle-dia. dy 50 pm. 50 pm.

Ist. skim. dia. d, 100 pm. 300 pm.

2nd. skim. dia. d. 1.0 mm.

nozzle-skim. dist. B 10 mm. 10 mm.

skim.-scat. center dist. L 100.0 mm. 20.2 mm.
ang. diverg.-FWHM A 1.0 deg. 3-6 deg.
scat. center-detect. dist. R B - 152 mm.
A - 652 mm.

bolometer dimensions by < hy 2 mm. x 6 mm.

3.2 Statistical Fitting

After the full energy and angular averaging procedure. the experimental and the
theoretical [OS differential scattering cross sections are compared in terms of the
minimized sum of the squared deviations between the two results. The statistical
comparison of the experimental and theoretical differential cross sections is deter-

mined by the quantity:

S:LZ Lwe(0:) — 3expd)]’ (5.32)

N & Iexp(b:) )

where 7 is a scaling factor for the experimental data and .\\" are the number of exper-
imental data points.

[n general. the ~least-squares™ quantity is evaluated for several potential param-

eter sets until a ~best-fit™ to experimental results has been obtained. In order to

remove any bias in the final outcome of the potential energy surface parameters. a
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re-iterative algorithm based on the Simplex minimization method {10-] was used to
adjust the parameters. The initial choice of potential parameters are based on ei-
ther existing experimental data or previous theoretical calculations as mentioned. [n
general. several hundred iterations for various potential parameter sets are carried
out before the converged values are obtained. The use of the Simplex minimization
procedure is invaluable for determining accurate anisotropic potential energy surfaces
from the severely damped differential scattering cross sections. since. in general. the
large number of experimental averages dramatically affect the efficiency of the calcu-
l[ation. A robust automated minimization procedure greatly increases the certainty
in regards to the uniqueness of the intermolecular potentials determined by purely

empirical methods.

3.2.5  Helium - Argon Differential Scattering

The role of the experimental averaging may be assessed through the calibration of the
apparatus parameters and the analysis methods by measurement of an atomic syvstem
which has no molecular anisotropy. The He-Ar differential cross section exhibits fast
diffractive oscillations which are quenched to some degree depending on the energy
and angular averaging. Using an accurately known potential for the He-Ar interaction
from the literature [10]. the sensitivity of the experimental averaging procedures on
the damping of the observed scattering features can be determined within the accuracy
of the experimental measurements.

Figure 5.15 shows the results of analysis for the He-Ar differential scattering cross
section measured in both the high and low angular resolution configurations. Both
measurements show very well-resolved diffraction oscillations of considerable ampli-
tude compared to the molecular scattering systems. The results of the analysis using
the Aziz potential are shown by the solid lines. In general. several angular and energy
averages are necessary to fully account for the damping of the diffraction oscillation in

the atomic system. Usually 7-9 quadrature points for each energy integration variable



are required to get the desired smoothing. The only difference between the fitting
procedures for the high and low He-Ar differential cross sections. is the magnitude
of the adjustable apparatus parameter which defines the effective bolometer size. In
order to obtain the adequate smoothing in the high angular resolution case. the pro-
jection of the primary beam divergence was increased two-fold in comparison to the
valne used in the low resolution results. Nevertheless. excellent fitted results for both
He-Ar cross sections were obtained over the complete angular range measured for
the majority of the experiments. The accurate characterization of the experimental
damping due to the averaging procedures greatly improves the confidence in the de-
termined anisotropic potential energy surfaces for the atmospheric gas-hydrocarbon

molecule svstems presented in this thesis.
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Figure 5.15: Differential scattering cross sections for He-Ar interaction with the detector in positions
A and B. Data points are the experiments. and the solid lines are the single-channel calcularions
using Aziz potential [10] and the full experimental averaging procedures.



Chapter 6

RESULTS

The intermolecular potentials of twenty-one atmospheric gas-unsaturated hydro-
carbon syvstems were determined empirically from a best fit to the corresponding total
differential scattering cross sections. In general. the scattering data does not provide
complete information sensitive to all ranges of the potential energy surface for all
the syvstems studied in this thesis. As indicated previously. the light reduced mass
svstems in general exhibit fast diffraction oscillations which are most sensitive to the
scale of potential. or the radial minimum position. r,. while the heavy reduced mass
systems show mostly a single rainbow oscillation which is most sensitive to the inter-
action strength of the potential. or the well depth. e. The damping of the diffraction
and rainbow oscillations provide information on the potential energy surface size and
shape anisotropies respectively. For atom-cvlindrical moleciile systems. a convenient
measure of the relative anisotropies is obtained by comparing the differences in the
interactions for orientations parallel and perpendicular to the molecular svmmetry
axis. Thus Arp. = rp.y — rmy and Ne = ¢ — ¢, define the relative size and shape
anisotropies. respectively.

Although some of the systems contain diatomic and / or nonlinear hydrocarbon
molecules. all of the systems were treated as atom-linear molecule type interactions
with the dominant attractive contributions arising solelyv from dispersion forces. This
approximation mayv be more or less severe depending on the particular scattering
svstem. However. given the number of experimental averages required to smooth the
theoretical cross sections. as well as the additional computational effort required to

include multiple degrees of freedom in the interactions. we feel this assumption and
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approach to the analysis is valid. The results indicate that reasonable interaction
potentials may be determined using the [0S analysis of total differential scattering
cross sections for larger molecular systems. While not of the level of full spectroscopic
accuracy. we hope these results will provide a basis for more advanced calculations
such as cluster bound-states. van der Waals stretching and bending frequencies. and
rotationally inelastic scattering transition probabilities. In any event. the determined
potential energy surfaces for the atmospheric gas-unsaturated hyvdrocarbon molecules
presented here are the first step in determining full multidimensional intermolecular
potentials for larger van der Waals molecules and clusters.

The potential energy surface results are presented in three sections based on the
tyvpes of interactions and the dominant scattering features. Section 6.1 presents the
results for the light reduced mass systems involving the He and H. interactions. The
results for the heavy reduced mass systems involving the Ne and Ar interactions are
presented in the Section 6.2, The results of the diatomic interactions are presented in
Section 6.3. As a general summary. the results of the [0S analysis indicate that the
Lennard - Jones potentials are rather inflexible and lead to more anisotropic interac-
tions compared to the Barker model interactions. More confidence is placed on the
determined Barker model potential results. despite having an additional adjustable
parameter. because of the better characterization of the anisotropic long range in-
teraction forces. In each section. examples providing indications of the scattering
feature damping due to the potential energy surface anisotropy are presented. as well
as some discussion as to the sensitivity of the determined potential results due to

actual potential form and parameterization.

6.1 Light Interactions — He and H,

The total differential scattering cross sections of the helium and hydrogen scattering

svstems exhibit fast diffraction oscillations which are increasingly damped in ampli-



tude as the length of the hydrocarbon target increases. The damping of the diffraction
oscillations should provide information about the potential size anisotropies in these
scattering systems. \While no discernible rainbow scattering was observed in the He
and H, scattering cross sections. the amplitude and number of resolved diffraction
oscillations is greater for the more strongly interacting hyvdrogen systems. indicating
that some information on the attractive potential may be determined.

The intermolecular potentials of He and H, - hyvdrocarbon systems have been inves-
tigated previously using scattering experiments. As mentioned earlier in the Analysis
section. Yang determined anisotropic potentials from total differential scattering mea-
surements for He and H, with C,H, [124. 126, 26]. The He-C,H, system was similar
to the results measured earlier by Danielson et. al. [40. 41]. In previous work. Daniel-
son also determined the interaction potential for the He-C,Hy system [11]. Further.
using similar methods Scoles and coworkers have investigated H atom scattering from
several alkanes. such as methane. ethane. and propane [42]. which might have similar
size amsotropies to the unsaturated svstems. To the best of out knowledge. the results
presented here are the first tvpe of potential energy surface information vet available
for He and Ho,- unsaturated hydrocarbon molecule interactions. with the exception of

the He-C,H, system.

b.0.1  Helium - Ethylene. Allene. and Diacetylene Results

Spherical model potentials were incapable of describing the total differential scattering
cross sections over the full measured angular range. In general. anisotropic terms up
to P, in the potential minimum and well depth were needed to give adequate fits to
the experimental data. although the sensitivity of the fit is less sensitive to inclusion of
the well depth anisotropy. An example of the quality of the fitted results using Barker
model is shown in Figure 6.1. The best-fit lines indicate an excellent agreement to
the experimental results even for the most damped systems.

Table 6.1 shows the determined potential parameters for a Lennard Jones N-6



potential and and two equivalent of Barker potential models. The most obvious
feature presented in the table is the increase in the r,, parameter as the length of
the hydrocarbon increases. The He-C,H, is shown to be the more spherical system
compared to other results. and the relative differences in r,. parameters correspond
roughly to an increase by half a carbon-carbon bond length. The Lennard .Jones
results. in particular. fit the results less well as measured by the fitting statistic.
Further. comparison of the different potential forms shows that the Lennard Jones
potential seem to underestimate the well depths compared to the Set-\ Barker model
findings. although the shape anisotropies and the size parameters are quite similar in
the two models.

Comparison of the two parameter sets for the Barker model shows significant dif-
ferences in the well depth ¢, and A» terms. [n Set B the well depth is completelsy
isotropic and the width of the potential well has increased considerably in comparison
to Set A. The differences between the Barker model parameter sets for each hvdro-
carbon svstems is more clearly illustrated in Figure 6.2. which depicts the repulsive
and attractive regions of the Barker potentials in both the parallel (130 degrees) and
perpendicular (Y0 degrees) orientations. The most significant comparison is the con-
sistent agreement between both Barker potentials in the perpendicular orientations
for all interactions. For the parallel orientations. the two sets agree much less in the
repulsive region with Set A being softer for all interactions compared to Set B. For
the parallel orientations in the attractive region. the two sets have large variability in
the well depths and position of the radial potential minima.

The large variability in the potentials for the parallel orientations is however con-
sistent with the [0S weighting due to the Gauss-Legendre quadrature. which gives
larger weights to the perpendicular orientations compared to the parallel orientations.
Therefore one might expect less sensitivity (a larger variability) in the results for the
parallel interactions in all systems as well as a consistency in the results for the per-

pendicular orientations. Interestingly. the relative size anisotropies. Ar,.. seem to be
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conserved between Sets A and B. especially for the He-CH. interaction (approxi-
mately 1.54) despite having much different r,y and r,, terms. Further refinement of

the potential results could be obtained using SCF ab initio calculations to constrain

the repulsive interactions for these lighter systems svstems.
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6.1.2 Hydrogen - Ethylene. Allene. and Diacetylene Results

Similar to the He results. the H, total differential scattering cross sections cannot
be adequately fit using spherical potential models. In contrast to the He results. no
sensitivity to the potential well depth anisotropy was observed. For all the interactions
only the isotropic ¢y term was adequate to fit the data. while the size anisotropy was
included included by expanding r,, up to the P, terms as in the He systems. Figure
6.3 shows the fitted total differential scattering cross sections using Barker model
potentials. Once again excellent fits have been obtained to the experimental data.
even for the interesting damping pattern of the H,-CyH, svstem.

Table 6.2 shows the determined potential parameters for the Lennard Jones and
Barker potential forms. The size parameters r., and r,., for the H. interactions
are very similar to the He interaction parameters given previously. [n contrast. the
interaction strength has increased greatly for the H, results.

Comparison of the H,-X Lennard Jones and Barker model parameters shows the
size parameters are very agreeable between the two potential forms. The Lennard
Jones potentials however in general have larger well depths and more steeply repulsive
interactions compared to the Barker potentials. indicated more strongly correlated
parameters in the rather simple Lennard Jones model.

To demonstrate the sensitivity of the scattering data to the potential energy sur-
face anisotropy. it is interesting to compare the experimental differential scattering
cross sections to results calculated using effective spherical model potentials. Figure
6.4 shows the [0S analysis results for the total differential scattering cross sections
calculated using only the isotropic Barker potential model terms €, and r,,y given in
Table 6.2. The spherical model results are clearly not adequate for reproducing neither
the damping of the scattering amplitudes nor the phase of the observed diffraction
oscillations. Sufficient agreement is only qualitatively obtained for the C,H, svstem

at small angles. At larger scattering angles. the calculated results are completely out
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Table 6.2: Summary of Lennard - Jones and Barker Potential Parameters for Ho with CaH,. CsH,.
and CgHa.

Lennard-Jones H., Barker H.,
Parameters C.Hy CiHy CuH, Parameters C,Hy, CiH; C;H»

Feo () 3.91 3.90 +.08 rmo () 3.97 +.01 +.10
Fur () 0.52 105 167 | rme () 0.56 1.13  1.39

€q (h) 92 150 162 €y (R) 90 132 116

€ (K) € (R)

\ 14 27 23 a 3 12 L0

12 9 28 24

Sre o <107 6.3 7.8 5.0 Srie % 10° 1 T L.7

of phase with respect to the experimental diffraction oscillations. The addition of
ouly one additional parameter. r,» gives the results presented in Figure 6.3.

The unique damping pattern of the H, experimental scattering cross sections can
be understood by examination of the underlying. individual orientational contribu-
tions to the total I0S differential scattering cross section. Figure 6.5 shows the contri-
butions to the total [OS scattering cross sections from the parallel and perpendicular
orientations. The dotted line indicates the more strongly weighted contribution for
the perpendicular orientation. while dashed line indicates the less significant contri-
bution from the parallel orientation. The frequency of the oscillations in the two
oricntations indicates strongly the differences in the size of the interactions. larger in-
teractions having much higher frequency oscillations. Considering that the total [0S
differential scattering cross section is an average over all orientations. it is interesting
to see that the relative frequencies and phases of the diffraction oscillations resulting
from the different orientations leads directly to the unique damping pattering of the

scattering cross sections. [he small increase in the r,, parameter for the H.-CyH;
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svstem causes a phase mismatch between the parallel and perpendicular orientations.
quite clearly leading to the quenching of the second and fifth diffraction oscillations.
For the H,-C H, system. the almost complete damping of the diffraction oscillations
at all angles results from the rather significant phase mismatches from the high and

low frequency oscillations.
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6.2 Heavy Interactions — Ne and Ar

The total differential scattering cross sections of the Ne and Ar - hydrocarbon syvs-
tems exhibit rainbow oscillations. providing information primarily on the well depth
anisotropies. However. the Ne scattering cross sections were also measured at high
angular resolution revealing resolved diffraction oscillations at small angles. The Ne
and Ar total differential scattering cross sections in general do not provide enough
information to completely determine the interaction potentials over the full inter-
molecular range. For the heavy reduced mass systems the analyvsis was aided by
considering complementary experimental data from other sources.

The intermolecular potentials for Ne and Ar - hydrocarbon molecule interactiouns
have been investigated primarily by spectroscopic methods for the ethylene systems.
Several vibrational predissociation studies have been carried out for the Ne-C,H,
and Ar-C.H, complexes [56. 32. 61. 123. 102]. Tiller has presented a theoretical
calculation of the [R spectrum of the Ne-C,H, syvstem using a qualitative atom-atom
potential. High resolution rotationally-resolved near-[R spectra for the Ar-C,Hy [15]
and Ar-CyH, [16] van der Waals complexes have also been previously determined.
which provide more specific structural information on the global minimum position of
the complexes. The most extensive investigations on any Ar-unsaturated hydrocarbon
system have concerned the prototypical Ar-CyH, system. which has been studied using
scattering experiments [26. 121]. near [R spectroscopy [L4]. and ab initio calculations

(125, 11,

6.2.1 Neon - Acetylene. Ethylene. Allene. and Diacetylene Results

The total ditferential scattering cross sections for the Ne-hvdrocarbon svstems in both
the high and low angular resolution cases represent two independent experimental
data sets for determining the interaction potentials. Figures 6.6 and 6.7 show the

results for the low and high resolution measurements. respectively. using Barker model



potentials. [n general. the high resolution experiments were used to determine the size
anisotropies for the C,H,. C;Hy. and C3H, systems by expanding the radial minimum
position up to P, terms. For the low resolution measurements. the potential size
parameters were held fixed and only the well depth parameters were allow to vary.
The high amplitude rainbow oscillations present at small scattering angles proved
mostly insensitive to inclusion of well depth anisotropy in both sets of experiments.

The determined Barker potentials for the Ne-hydrocarbon interactions from bhoth
the high and low angular resolution scattering experiments are presented in Table
6.3. Comparison of the potential parameters shows clearly the consistency between
two data sets. which were each determined through separate analyses using different
experimental averaging procedures as calibrated by the He-Ar differential scattering
measurements. The size parameters are reasonable in comparison to the previous He
and H. interactions. The size parameters for the Ne-C H, svstem are mostly artifi-
cial. but based mostly on the trends observed in the results of other the determined
potentials.

[n general. the high resolution experiments give smaller well depth interactions.
most probably as a result of insufficient smoothing of the cross sections at small
angles. Systematic errors in the calculated cross sections may result at small angles
due to the angular averaging procedure. This artifact is most clearly illustrated in the
fittedd low resolution differential scattering cross sections shown in Figure 6.6. The
improper experimental averaging may give rise to the lower consistency in the -,
potential parameters between the separate potential results.

For comparative purposes. the complete Barker interaction potentials are pre-
sented as contour surface plots in Figure 6.3. The repulsive contours for the each
svstem are given in solid lines. while the attractive negative energy contours are given
in dashed line. The density of the negative energy contours indicate clearly the larger
interaction strengths for the more polarizable hydrocarbon systems. with Ne-C,H,

system having the broadest contours. The increased spacing between the contours
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Table 6.3: Sumnmary of Barker Potential Parameters for Ne with CaHa. CaHy. C3Hy. and CyHa. for
high and low resolution cases.

Barker Ne Ne Ne Ne
Parameters C,H. C,H, CiH, C,H,
low high low high low high
P oo () 3.35 3.35 3.90 3.90 3.95 3.95 1.05
I (1) 0.75 0.75 0.75 0.75 1.25 1.25 1.65
€0 () 30 76 36 S 100 93 105
¢ (A
a 12 10 12 13 12 13 12
1, 25 17 12 14 b 15 32
St < 10° b I 2.1 1.0 3.1 1.1 L.5

in the perpendicular orientations indicate the broadening of the potential wells for
interactions with the larger 4, parameters. Perhaps the lack of experimental mea-
surements on the corresponding van der Waals dimer complexes for the Ne containing
syvstems validates these findings. Due to the isotropic nature of interactions one might
expect the dimers to be very weakly bound species with large amplitude non-rigid dy-
namics. making accurate determination of the rotationallyv-resolved [R spectra quite

ditfienlr.
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6.2.2 Argon - Ethylene. Allene. and Diacetylene Results

The total differential scattering cross sections for the Ar-hvdrocarbon systems exhibit
the most severely damped rainbow oscillations of any of the interactions investigated
in this thesis. The significant damping of the rainbow interactions indicates much
ereater shape anisotropies for Ar-hyvdrocarbon interactions. Unfortunately. no re-
solved diffraction oscillations were observed in the scattering experiments. precluding
anv information on the potential size anisotropies for these interactions. The high
resoliution spectroscopic experiments of Miller and co-workers [13. 16] were used to
constrain the size parameters of the Ar-C,H, and Ar-C,H, interaction potentials dur-
ing the fitting process. The trends observed in the determined potential data from the
other svstems were used to assign reasonable size parameters for the Ar-CyH, system.
[n eeneral several polynomial expansion terms in the well depths were required in or-
der to obrain adequate fits to the damped rainbow oscillations in the total differential
scattering cross sections. The number of expansion terms generally increased with
the overall size of the hyvdrocarbon target molecule.

The fitted results using Barker model potentials are presented in Figure 6.9. The
solid lines indicate the total scattering due to both the probe and target scattering
contributions. At larger scattering angles. the calculated differential scattering con-
tributions tend to increase more dramatically due to the more significant secondary
beam contributions. Therefore the total scattering cross sections are considered to be

least accurate in this angular range.
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The determined potential parameters for both the Lennard-Jones and Barker mod-
els are presented in Table 6.1. The Barker potentials give significantly better agree-
ment to the experimental data as indicated by the fitting statistic. The most obvious
trend observed is the number of potential expansion terms in the well depths for larger
molecular svstems. The choice of the number of potential terms was determined by
incliuding additional terms in the fitting procedure in order to give the best agreement
to the experimental differential scattering cross sections.

To illustrate the sensitivity of the scattering data to the potential shape anistropy.
it is interesting to compare the results calculated using only the isotropic well depth
¢y and the size parameters rno and r,,. Figure 6.10 shows the spherical model
resilts do not provide sufficient fits to the experimental data. In general the isotropic
potential model results underestimate the scattering contributions at small angles and
overestimate the scattering amplitude near the rainbow peak positions. The smaller
(', H; svstem shows qualitatively the best agreement with the isotropic well depth
model results. The worst agreement is for the C H, svstem. which required most
expansion terms in order to give good fits to the experimental data.

The damping of the rainbow oscillations can be understood by considering the
individual contributions to the total [0S differential scattering cross sections. Figure
6.11 shows the individual scattering contributions for the perpendicular and parallel
orientations in the total [0S differential scattering cross section. The upper dotted
lines show the perpendicular orientations. while the dashed lines indicate the par-
allel scattering contributions. Also listed are the well depths for the two particular
orientations. The solid lines indicate the full theoretical [0S differential scattering
cross sections. Considering the relative weighting of the individual [OS contributions.
as mentioned before in the H., results. it is easy to see how the individual contribu-
tions from the different orientations lead to damping of the rainbow features in the
scattering data. The larger relative well depth anisotropies for the more polarizable

hvdrocarbon systems lead to increased damping of the rainbow oscillations at larger
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scattering angles. This most clearly illustrated by the results of the Ar-C,H, syvstem.

Table 6.-4: Summary of Lennard - Jones and Barker Potential Pararneters for Ar with CoH,. CyH,.
and Cy4H..

Lennard-Jones Ar Barker Ar
Parameters C,Hy CiHy  CuH Parameters | C,H, C;3;H; CH,
Few () L2 413 43 Fmo () +2 43 43
I B 0.5 1.05 1.35 Fes () 0.5 1.05 1.35
€ (R 210 223 284 €y (R) 202 211 251
€, (R -61 -X6 -170 €2 (K) e -97 -155
€4 (R 38 97 39 €4 iK) 20 T2 91
€ th) -13 -2 €n (A) -12 1S
€5 (R 50 €y (R -14 11
AY 13.5 25 22 fa} 9.0 L1 13
1, 3 25 30
St <10? 12 3 25 Stie < 10° 1.4 0.7 3.9
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Due to the large number of potential expansion terms for the Ar-hvdrocarbon
interactions. the relative shape anisotropies are more difficult to classifv. In order to
more clearly show the detailed shapes of the Ar-hvdrocarbon interactions. the deter-
mined Lennard Jones and Barker potentials are presented as contour plots in Figure
6.12. The left column indicates the Lennard-Jones potentials. while the Barker po-
tentials are presented in the right column. In each column. the molecular systems are
listed in descending order from C,H; to C H,. As before. the solid contours indicate
the repulsive contours. while the dashed lines show the attractive negative energy con-
tonrs. The plots clearly indicate that all the interaction potentials have more stable
T-shaped geometries as indicated by the sharply localized potential contours in the
perpendicular orientations. The Ar-CyH. systems show the most interesting shapes
as expected considering the greater number of potential terms for these svstems.

Comparison of the two columns shows that the Lennard Jones potentials are more
repulsive compared to the Barker models as indicated by the greater density of re-
pulsive contour lines. Further. the attractive contour lines in the Lennard-Jones
potentials appear to be more anisotropic compared to the Barker model results due
to the more sharply varyving contours.

To better distinguish the difference in the potential shape anisotropies between
the two potential models. it is nuseful to compare the interaction energies for all the
systems at the radial minimum positions for both potential models. Figure 6.13
shows the potential slices for the Ar-C,H,. C3H,. and CyH, systems. Clearly. the two
plots show that Lennard-Jones potentials are more sharply shaped as function of the
orientation as well as having deeper well depths in the T-shaped confignration. The
largest differences between the Lennard Jones and Barker models are at the parallel
orientations.

Surprisingly. the interaction strengths shown for the perpendicular orientations in
the Ar-CoHy and CyH, Barker model results are consistent with predictions based on

ab initio calcnlations for the interaction strengths of these systems by Miller [13] and



Bemish [16]. Miller estimated the perpendicular well depth for the Ar-C,H, svstem
to be approximately 250 K.. which is in excellent agreement with the Barker potential
result of 246 K. For the Ar-CyH, complex Bemish estimates the dissociation energy
at the perpendicular orientation to be approximately 393 K.. which is in reasonable
agreement Barker model result of 373 K.

The high resolution spectra for the Ar-C H. svstem measured by Bemish also
predicted a sufficiently more rigid complex in comparison to the floppy Ar-C,H, and
Ar-C,Hy complexes that were observed in earlier studies. The ab initio results of
Bemish also predict the presence of secondary potential minima around the 60° and
[10° orientations. Both the Barker and Lennard Jones models are in qualitative agree-
ment with these predictions. More experimental investigation on the Ar-unsaturated
hydrocarbon svstems needs to be performed in order to better characterize the inter-
molcular potentials. Also. more accurate ab initio calculations would be helpful for
refining the potential energy surface parameters in these systems. a procedure which

has been successfully applied in the case of the Ar-C,H, system [125].



,_.
=1
v )

4.2 -"\ {/-——~—\3 /_,/ H
is N\_/’/// =<

$IEF Ao $o°%F Ans
i B < 15 - 22 =
Theta lesrees Thany Dairees
as No- Posentls. Ar - T3AD Pareer fItenToa.
E Az

Figure 6.12: Contour Plots of Lennard Jones and Barker Potentials for Ar [nteractions. Solid lines
are repulsive contours 1000. 800.600.400. and 200 K. from innermost curve. respectively. Dotted line
is the zero energy contour. and dashed lines are artractive contours -50. -100. -150. -200. -250. -300.
-350. 100 K. respectively. outward.



179

0 : § L) L) L) LS L L) L3
Ethylene ——
. allene -----
-0 P Lennard Jenes Potential Diacetylene —— 1
-1GC P L
3
>
a
)
x
™
=
3
=
‘4‘0 A 'l A L Vi A J - 1
o} 29 40 a0 80 100 120 140G 160 180
Theta ( degrees )
Pl T v L s T T T
Ethylene —
. allene -
LR o Barker Pctential Diacetylena ———
-10C p <
3
=4
=
2
=
=
by
2
o
_4:0 g A A J - ol A L .l
o} 20 40 30 3a 100 120 140 180 180
Theta ( degr=es )

Figure 6.13: Comparison of Lennard-Jones and Barker interaction energies at r,, for Ar-X systems.
Upper plot shows Lennard-Jones interactions while lower curve shows Barker interactions.



6.3 Diatomic Interactions — N,., CO, and NO

The total differential scattering cross sections of the diatom-hydrocarbon molecule
svstems exhibit only single broadened. damped rainbow oscillations. The poten-
tial size parameters for these svstems are estimated primarily based on the Ar-
hvdrocarbon systems as well as the few existing sources of experimental information
obtained from the spectroscopic investigation of the complementary van der waals
dimers. Further. no tests were performed to characterize the affect of neglecting of
the electrostatic and inductive contributions to the total interaction potentials. As a
resilt. the determined potential energy surfaces for the diatom-hydrocarbon systems
presented here are for most part qualitative. Nevertheless. quite interesting results
for the shape anisotropies of these systems have been observed in the [0S analysis of
the total differential scattering cross sections.

Previously existing spectroscopic studies have been carried out for the N, and
('O-C,H. dimers. indicating that these bimolecular complexes have more stable linear
contiguration {13. 77. 76]. Yang has also investigated the N,-C,H, interaction poten-
tial via total differential scattering experiments finding similar consistent results to
the spectroscopic measurements [127. 124]. Vibrational predissociation spectra of the
NO-C,H; dimer implies that the complex is T-shaped similar to the observation of
the Ar-C,Hy results [33]. To our knowledge. no van der Waals complexes for any of
the other diatom-hvdrocarbon systems have been studied to date. Further. the total

differential scattering cross sections have not been previously reported.
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As mentioned before. the uniquely shaped damping of the rainbow oscillations
in the total differential scattering cross sections seem to indicate that the diatom-
(',H, systems have more stable linear configurations. while the diatom-C,H, and
(4H,; syvstems have more stable T-shaped geometries. Surprisingly. this prediction
is supported by the results of the fitted potential energy surfaces for these systems.
Figures 6.14. 6.15. and 6.16 show the best fit [OS total differential scattering cross
sections for the N,. CO. and NO scattering svstems. respectively. Reasonable fits
were obtained for the majority of the experimental results. although the CO-CsH,;
svstem appears to be in least agreement. mostly likely due to the poorer quality of
the experimental data for this syvstem.

The results of the determined Barker potential parameters are given in Table
6.5. In general. fewer potential parameters for the diatomic systems. in contrast
to the Ar svstems. were needed to obtain accurate fits to the experimental data.
The most obvious difference between the determined potentials is the sign of the €,
parameters. Positive e, values lead to more stable linear interactions. while negative
¢, have more stable T-shaped geometries. So as not to bias the analyvsis based on
the previous spectroscopic predictions. other combinations of €, and €; of various
signs and magnitude were used. However. the no adequate fits to the experimental
results could be obtained which would imply that neither the C,H, nor the CjH,
potentials prefer more stable linear configurations. Likewise. for the C',H, potentials.
no accurate fits were obtained to the experimental data which would indicate the
acetvlene potentials prefer T-shaped geometries.

Table 6.5 shows that as the size of the hydrocarbon molecule increases. so does
the magnitude of the €; and A, parameters. However. the isotropic well depths ¢, are
similar in all sets of potential parameters. The C,H, potentials have generally softer

repulsive potentials compared to both the C,H, and C3H, syvstems.



Table 6.5: Sutnmary of Barker Potential Parameters for N, CO. NO with CoH.. CoHy. and C3H,.

Barker C,H, C,H, CsH,
Parameters O NO N, CcoO \NO A CO NO
I () 1.3 1.3 +.3 1.2 1.2 £.3 1.3 +.3
Foa (A 07 07 7 05 05 10 LI 1.1
€n (A 192 203 136 197 207 132 17l 197
€ t) 63 32 -32 -39 -90 -91 -2 -105
€4 (A) 37 16 13 25 56 19
a 9.4 9.5 3.3 7.7 7.6 10.6 9.8 10
Ao ! 4 4 Y9 6 40 Al 13
Neg <10* 0.1 0.9 0.7 0.3 0.25 2.0 2.2 0.6




An indication of the interesting shape anisotropies for these systems is revealed
in Figure 6.17. which shows the Barker potential contour plots for the CO and NO
svstems. The repulsive and attractive contours lines are depicted in same fashion as
indicated in the previous contour plots. The left column shows the CO interactions.
while the right column shows the NO results. The obvious differences in the global
stabilities of the C,FH, svstems compared to the C,H, and C3H; systems are easy to
distinguish by the localization of the negative contours in the parallel and perpendic-
tular regions. For all hydrocarbon cases. similar potential contours for the CO and NO
interactions are observed. The weaker repulsive energies for the NO and CO-C,H,
interactions. compared to the results for the C,H, and C3H,; cases. are indicated by
the lower density of repulsive contours at short range. The sharper negative energy
contours at perpendicular orientations for the CO and NO-C;H; interactions indi-
cate more rigid complexes for these svstems compared to the smaller C,H, and C.H,
systems. which show much broader contours that extend over greater angular range.

Similarly. the Barker potential contour plots for the N,-C,H, and C3H; systems
are shown in Figure 6.13. Similar features as discussed for the NO and CO interac-
tion potentials are observed. Comparison of the well depths at the global minimum
positions for all the determined diatom-hydrocarbon potentials indicate very similar
interaction strengths of approximately 250-300 K. Given the quality of the experimen-
tal data. it is difficult to more accurately determine the potential shape anisotropies
for these rather complex systems. Additional spectroscopic investigations of the corre-
sponding van der Waals complexes would be invaluable for the better characterization
of the size and shape anisotropies of the diatom-hydrocarbon molecule systems. Fur-
ther theoretical and experimental work is necessary to substantiate the results for the

multidimensional potential energy surfaces presented here.
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Chapter 7

CONCLUSIONS

The intermolecular potential energy surfaces for several atmospheric gas - unsatu-
rated hvdrocarbon molecule systems were investigated using crossed molecular beam
scattering experiments. Lhe total differential scattering cross sections for He. Ne.
Ar. Ho. N,. CO. and NO with CyHa,. CyHy. CsHyo and CyH,. presented Chapter 2.
reveal damped quantum scattering features which provide sensitive information on
the potential energy surface anisotropies for many of the systems. The light reduced
mass scattering syvstems involving He and H, show primarily damped diffraction os-
cillations. while the heavy reduced-mass systems involving Ne. Ar. N,. CO. and NO
exhibit primarily damped rainbow oscillations. The measurement of the Ne scattering
from C,H,. C,H,. and CyH,y under high angular resolutions showed both quantum
scattering features.

To aid the analvsis of the numerous scattering results. high quality TOF analysis
of the molecular beams source gases was used to accurately characterize the relative
collision energies of the scattering systems as well as the energy resolutions. The TOF
spectra indicate qualitatively the initial rotational populations of the unsaturated
hyvdrocarbon molecules.

To provide the basis for the theoretical calculation of the total differential scatter-
ing cross sections from an assumed model potential. the necessary classical. quantal.
and semiclassical elastic scattering formulae were reviewed in Chapter 3. In particu-
lar. the infinite-order-sudden approximation to the multichannel scattering formalism
for atom-svmmetric top collisions was presented in order to reduce the complexity

of the scattering calculations. The [OS approximation is a sufficient method for the
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efficient calculation of total differential scattering cross sections from anisotropic in-
termolecular potentials. Essentially. the calculation reduces a one-dimensional elastic
scattering problem. where the differential scattering cross section is determined by
a sum over partial wave phase shifts which have been rapidly determined using the
sericlassical JWKB approximation and the high energy Born approximations.

Chapter 4 described the development of anisotropic intermolecular potentials
based on the analvtical Lennard-Jones and Barker model potentials. The anisotropic
dispersion series coefficients for the atom-molecule interactions were estimated using
various molecular and atomic properties. combination rules. and a someswhat sophisti-
cated method previously presented by Pack [93]. Based on previous presentations by
Buckingham [30]. the electrostatic and inductive contributions to the long range in-
teraction potentials for the diatom-molecule systems were estimated. Using the same
method as for the atom-linear molecules. the anisotropic dispersion series coefficients
for the diatom-molecule systems were also determined.

A summary of the general scattering features in terms of spherical model inter-
actions was described in Chapter 3. in order to qualitatively illustrate the presence
of anisotropic features in the measured total differential scattering cross sections.
Further. to distinguish between the damping in the total differential scattering data
caused by the potential anisotropy rather that due to experimental resolutions. the
full analysis and experimental averaging procedures were described. The calibration
of the molecular beam apparatus parameters by measurement of the He-Ar differen-
tial scattering cross section gives confidence in the determined anisotropic potential
energy surfaces for the more complex hydrocarbon molecular systems.

The actual determined anisotropic potentials for the light. heavy. and diatomic
interactions were presented in Chapter 6. The He and H, systems showed significantly
damped diffraction oscillations which provided sensitive measures of the potential size
anisotropies and less information on teh potential shape anisotropies. Comparison of

the parallel and perpendicular orientational contributions to the total [0S theoretical
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calculations demonstrated the unique damping pattern of the diffraction oscillations
for the larger hydrocarbon systems.

Analvsis of the total differential scattering cross sections for Ne systems measured
at high and low resolution showed consistent results for the determined potential
energy surfaces from the two sets of scattering data. The relative size anisotropies for
the Ne interaction potentials from the damped diffraction oscillations were consistent
with those from the lighter He and H., syvstems. The rainbow positions proved to
mostly sensitive to the isotropic well depth for these systems.

[n contrast to the Ne results. the significantly damped rainbow oscillations in the
Ar scattering svstems were observed to provide much more detailed information on
the shape anisotropies of these systems. Due to the lack of resolved diffraction oscil-
lations. the potential size anisotropies for the Ar-C,Hy and Ar-C;H, interactions were
constrained to be in agreement with structural data obtained from high resolution
near-IR spectroscopy. The Barker model potential results for well depth interactions
in the T-shaped orientation for the Ar-C.H, and Ar-C H; systems are in good agree-
ment with the ab initio calculations of Miller [15] and Bemish [16].

The diatomic molecule-hvdrocarbon scattering syvstems (N,. CO. and NO with
C,H,. CoHy. and CyHy) exhibited only damped rainbow oscillations as well. Due
to the lack of the diffraction oscillations and pre-existing experimental information
on these svstems. the size anisotropies are more or less arbitrarily assigned. The
analvsis of the unique rainbow angle indicates strongly that the C,H, interaction
potentials have more stable linear configurations. in strict contrast to the C.H, and
(,H; interaction potentials which show a preference for T-shaped geometries. The
determined well depth interactions for the all the diatomic-hydrocarbon systems are
generally the same. = 250 — 3004,

Overall the results of the [OS analyvsis of many total differential scattering cross
sections give reasonable estimates for the anisotropic potential energy surfaces atmo-

spheric gas-unsaturated hydrocarbon molecules. Further experimental and theoretical
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investigations of the systems presented here are necessarv. Both high resolution [R
spectroscopy and accurate ab initio quantum calculations on the corresponding bi-
molecular dimers would provide valuable information for more accurate determination
of the potential size and shape anisotropies in these systems. The validity of the [0S
approximation needs to be tested against more accurate quantum scattering calcula-
tions in order to determine the role of rotationally inelastic scattering contributions
in the damping of the total differential scattering cross sections. Nevertheless. the
results presented here should provide the first step in the determination of multidi-
mensional tntermolecular potentials for larger molecular systems and van der Waals

clusters.
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