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ABSTRACT

This thesis presents an in-depth study into the experimental and calcu-
lational results of the angular dependence of the scattering of hydrogen fluoride by
tic scattering, where the initial rotational state of the HF molecules is unspecified,
and the final rotational state population is measured with an HF laser + bolometer
detection system. The caleulational effort is centered upon a comparison of four
recent intermolecular potential functional forms with varying abilities to reproduce
the measured results.

The development of the HF continuous wave chemical laser is an essen-
allow only one longitudinal mode to oscillate. An intracavity iris stoppered down

to ~ 4 mm in diameter allows only one transverse mode to oscillate. This is con-

diffraction grating used as one of two surfaces in the optical cavity. R-branch tran-
sitions (R,(0), Ry(1), and R,(2)) allow for probing of the j = 0 population, and for
comparison of rotor populations determined via R-branch vs. P-branch transitions.

HF and Ar supersonic beams are constructed to provide optimum in-
tensity and a well-collimated velocity distribution. The resulting collision energy
is 120 meV. A differential cross section (DCS) for each rotational state after the
collision (j') is measured as a function of laboratory scattering angle. The most
interesting features are an unexpected shoulder in the 30° angular range for the
j' = 0 DCS, and a resurgence of signal at large scattering angles for the ;' = 4
and 5 DCS’s. This latter feature is believed to be caused by rotational rainbow
scattering.

The most recently proposed potential energy (PE) surface by Hutson



j' = 0 shoulder is determined to be due to a complex interplay between attractive
and repulsive forces, coupled with the degree of anisotropy in the PE surface. 1t
is found that this feature cannot be characterized classically, and that it appears
to be a novel interference effect. As well, it is proposed that a greater extent of
anisotropy in the repulsive wall of this PE surface would improve the agreement be-

tween measured and calculated rotationally inclastic DCS's for HF 4 Ar seattering,
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CHAPTER 1

INTRODUCTION

1.1 GENERAL

The study of intermolecular forces as they apply to physical and chemi-
cal processes has had a long and varied history.! =7 The motivation for such studies
originates from the knowledge that when two particles approach, their relative mo-
tion is dictated by the force they fecl for each other. Current technology allows for
intermolecular forces to be studied via bulk property measurements® and/or molee-
ular beam methods® =1 which include some forms of spectroscopy.'! This thesis is
a detailed study of the gas phase interaction between hydrogen fluoride and argon.
For the most part, it discusses the experimental results obtained from interfac-
ing a crossed molecular beams apparatus with a chemical laser (Chapters 2 3).
The central experimental measurements are of rotational energy transfer collisions
and their angular dependence (Chapter 4). Procedural details are provided in Ap-
pendix A. A physical understanding of the experimental results, and their relation
to the intermolecular forces between hydrogen fluoride and argon is also included
in a theoretical discussion (Chapter 5).

Understanding the interparticle forces present during any two-particle
collision is of fundamental importance to the scientific community. Limiting the
discussion to closed-shell atoms, it has long been understood that the electrostatic
interaction force is a function of only the internuclear separation.*'® However, it
is necessary to also consider interactions which include non-spherical polyatomic
molecules since these interactions will depend upon the relative orientation of one

icle to the other (specified by one or more angles depending on the number of

1



general two-dimensional case of an atom plus a linear molecule, and remembering

that force is the gradient of the potential energy,'?
F(r,y) = -VV(r,7) (1-1)

we sce that it is actually the intermolecular potential energy (PE) (often called the
PE surface because of its dependence on the two variables r and v defined in Fig-
ure 1.5) that one is probing when considering a two particle collision. The value of
knowing the intermolecular potential is that one is able to calculate experimentally
observable gas phase features of a system. The corollary to this statement is that
through experimental measurements one is able to extract an intermolecular poten-
tial for the system being considered. Thus, the intermolecular potential is pivotal
to understanding gas phase dynamics.

Several physical properties can be directly related to the intermolecular
potential. They include virial coefficients and the transport properties (viscosity,
thermal conductivity, diffusion, and thermal diffusion).® Also, spectroscopy of the
van der Waals molecle in the radio frequency, microwave, infrared, and far infrared
regions can give data on pressure broadening, rotational constants and low frequency
bending vibrations.!!:13:14

The interest to this laboratory is that the “size” of the interaction of
two particles can be measured via the integral or differential cross section. The
correlation of the experimentally measured differential croes section (DCS) to the
intermolecular potential energy,®*!® and an understanding of the energy transfer
which takes place during the collision, are the points emphasized in this research.

In simple terms, the DCS is the outcome of measuring the angular pat-
tern which results from the scattering of one molecular beam by another. The initial
direction and energy of each participant is known, whereas the final direction and
relative magnitude of flux of the scattering partners is determined. There are three




In elastic scattering,!® the internal energy and center-of-mass speed of the collid-
ing partners is unchanged, and only the post-collision angular distribution of the
participants need be measured:

scattering

A(V,E‘EQ,EA) + B(vi Eiﬂh GB) —_— A(vi Ei“h e’}\) + B(vi Eiiih H:l) (l == 2)

where the prime (') denotes parameters specified after the collision, 8 is the angle

is the internal energy. These were the first type of experiments carried out in this
laboratory.!”

Another type of DCS experiment is one where a chemical reaction
occurs.!® =20 In this case, the products differ from the reactants.

scatiering/rxn

A(viEiihaA)‘FB(vi E‘i!hag) . - C(v'i E:“I,EE-)-FD(V', Egmsﬂg)) (1 - 3)

Inelastic scattering is the last type of DCS considered. The internal
energy and speed of each scattering partner can change as a result of the collision.

scattering

A(V, Eilh aA) + B(V, Ei!h aﬂ) - A(V', E:;u G'A) + B(V’, Ei,-li 9‘1) (l = 4)

but specific to atom + diatom scattering this is represcnted as

scatiering

AB(v,v,5,0a8) + C(v,0c) — AB(v' /', 00) +C(V',0:)  (1-5)

where v, v/, j, and j' are the initial and final vibrational and rotational states of

the diatom. This thesis is a study of DCS's for elastic and rotationally inclastic
isions, where v’ = v and both cases of j' = j or j' # j are investigated.

Atom + molecule scattering has been an interesting topic of study for

many years.*31:3? Early studies, e.g., Ref. 23, were able to measure differential cross




sections which did not contain any information about the internal energy distribu-
tion of the molecule (known as total differential cross sections). As experimental
technology progressed, rotational state-specific scattering with diatomic molecules
was conducted for weakly attractive, weakly anisotropic systems.?4:2°

A specific subset of atom + molecule scattering is the rare gas-hydrogen
halide (Rg*HX) interaction. Much effort has been put into understanding systems
snch as these, including all combinations of (He, Ne, Ar, Kr, Xe) with (HF, HC¢).
Techniques include radio frequency and microwave spectroscopy,'®?® ~*? and in-
frared spectroscopy®® =3¢ on the Rg*HX van der Waals molecule. Differential cross
sections have been restricted to total cross sections®” ~4? with no internal energy

(i.e., rotational state) selectivity reported previous to that which is included in this

thesis. 43



1.2 HF4Ar

The HF+Ar system is well suited to the methods of study mentioned
in Section 1.1. The van der Waals molecule, bound by ~27 meV,* has a collinear
equilibrium geometry with the Ar nearest to the H atom. Comparing this to the
bond energy of the HF molecule (6.4 ¢V)**, one would be inclined to say that the
structure is not very stable. However, a molecular beam environment is collision free
or “cold”, and this binding energy is sufficient to make the AreHF van der Waals
molecule relatively easy to prepare and quite stable. This strong attractive potential
energy (~22% of the HF+Ar incident kinetic encrgy when doing the seattering
experiments described in this thesis) is also beneficial in molecular beam scattering
studies because it gives rise to richer scattering patterns.'®

The development of the HF+Ar interaction potential has proceded in
two directions. One way is through analysis of experiments which involve spectro-
scopic studies of bound states of the van der Waals molecule. The second method
is through theoretical work on this interaction. Given below is the motivation for
the development of the four most recent HF+ Ar interaction potentials available in
the literature. These potentials are further analyzed in Chapter 5 in terms of their
ability to reproduce molecular beam scattering data presented in Chapter 4. It is
noted that scattering studies have not yet been directly involved in determining
the PE surface, and have had only a minor role in critically analyzing the available
interaction potentials.

The first reports on the Ar*HF van der Waals complex were in 1963
by Vodar and Vu.*® These infrared studies on bulk gas mixtures were of insuffi-
cient resolution to extract an interaction potential. More detailed microwave spec-
tra on AreHF and Ar*DF?%:2% were obtained from molecular beam electric reso-
nance (MBER) spectroscopy. Fourier transform microwave spectroscopy?® added
to the current knowledge of this system. This inforniation was used by Hutson and
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Howard*” to construct a potential energy surface for Ar interacting with HF(v = 0)
reliable in the vicinity of the minimum energy position only. They did not have
any information regarding the repulsive part of the potential or the “backside”
(i.e., Ar — F-H) region of the attractive well. This PE surface is the first of four
investigated in Chapter 5.

The publication of Hutson and Howard’s PE surface!’ inspired further

spectroscopic studies on the van der Waals molecule. Rotationally resolved infrared

spectroscopy.®* The authors of reference 34 were able to extract an interaction po-
tential from their data, but this potential only varied with Ar-HF separation and
not included in the analysis of available PE surfaces. Optothermal molecular beam
spectroscopy reported at this time was also able to determine vibrational predisso-
ciation lifetimes.® The experiments of reference 35 were subsequently expanded*’
to include many different bending and stretching frequencies. Using Hutson and
Howard’s PE surface*” to theoretically reproduce the results of these experi
sulted in only limited success. Consequently, Nesbitt et al. developed a new HF+Ar
PE surface from high-resolution infrared rotational spectra®. In this study the HF

molecules were in the v = 1 vibrational state. This PE surface is also extensively
tested in Chapter 3.

Still further spectroscopic studies on the Ar*HF molecule have been
undertaken.3!+32 The two above mentioned potentials‘?:3? are unable to adequately
predict these measurements, as well as the other experimental 1
the most recently developed HF+Ar PE surface*! which takes into account the data




from references 28, 29, 34, 48, 49, 51, 52 and 53 to produce an Ar HF (Ar - DF)
PE surface (for HF in v = 0,1,2 and DF in v = 0,1). Due to the extensive set of
data from which this potential is derived, it is expected to be the most accurate
of the three spectroscopic based potentials, and is also included in discussions in
Chapter 5.

In parallel with the Ar*HF spectroscopic work, studies have also been

for Ar colliding with HF(v = 1) which involve rotational transitions in the HF.

Rotational relaxation,’® pressure broadening of the infrared spectrum,*®-57 and col-

lisional narrowing effects®” have also been mcasured. Differential cross section mea-

37,43

well. Self-consistent-field (SCF) calculations®”:3® attempt to accurately reproduce
the repulsive forces at short range, while the long-range attraction is determined
through HF electrical properties.’®'®® These pieces of information have been as-
sembled to produce a semiempirical potential®!, the last one used for calculational
studies in Chapter 5. Only a small amount of additional theoretical work has been
carried out®? ~** since the development of this potential.®!

Chapters 2, 3, and 4 provide experimental results and details pertinent
to the measurement of final rotational state resolved differential cross sections for
the scattering of HF by Ar. This information directly probes the repulsive po-
tential energy between these two scattering partners, as well as being sensitive to
been restricted to the spectroscopic studies of the weakly-bound van der Waaly
molecule, which is a direct probe of the attractive potential energy of this system.
Chapter 5 attempts to theoretically critique the four most recent intermolecular
PE surfaces introduced in the literature, and to use the information in the differen-
tial cross sections to suggest improvements to the reliability of the repulsive region

7



of the intermolecular PE surface. Simultaneously, the suggested improvement of
the PE surface results in a better understanding of the energy transfer between

translational and rotational degrees of freedom.



1.3. THEORETICAL BACKGROUND

In order to understand how to discriminate between the four poten-

tion between intermolecular potential and experimentally measured DCS's must be
made. Realizing that the literature has many thorough renditions of this compli-
cated solution,3:¢:8:19 the following discussion is intended to provide the reader with
an introduction to the equations used to solve the scattering problem.

A fundamental step in solving the scattering problem is to separate the
the two-body laboratory frame problem into a one-body problem in the eenter of
mass frame with a reduced mass y = 248219 This separation is ensentially the

The simplest case to consider (i.e., without any internal degrees of free-
dom) is the scattering of two structureless particles (i.e., atoms). This allows the
development of the scattering theory, but ignores the complication arising from the
rotational and vibrational degrees of freedom in a molecule. Section 1.3.A shows
this theory development using classical mechanics, and Section 1.3.B shows a paral-
lel development done with quantum mechanics. It is noted that these developments
are not only sufficient to deal with elastic scattering, but also form the basis for
many useful approximation schemes relevant to atom + molecule scattering. In-
clusion of the molecule’s internal degrees of freedom (rotation only) will only be
treated in the quantum mechanical development of atom + diatom scattering, and
is presented in Section 1.4.



1.3.A. Classical Mechanics of Scattering

Figure 1.1 Reduction of the two body problem to a one body problem in the center of
mass frame with a central force. The particle has reduced mass p; b is the
impact parameter; r. is the distance of closest approach (classical turning
point);l,istbemglecmpmdin;tothedistmceofclmutappro&d!;x
is the scattering angle.

When the constant center-of-mass motion is separated from the relative
planar motion of the particles, and polar coordinates are used in the resulting one-
body problem, the total energy (kinetic + potential) of the system®¢ is given by

E = gu(® +P9) + V(D) (1-86)
and the angular momentum®® is expressed as
L =pur% . 1-7)

The asymptotic speed v (relative speed of the particles) and the impact parameter b
(distance of closest approach in the absence of the potential) are related to the total
energy and the angular momentum by

Es%uV’ (1-8)
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and

L:y\’b (1—9)

The elimination of # from equations 1-6 and 1-7 leads to the equation for radial

motion

E = ?:r + éT;;r;s +V(r) . (1-10)

mass 4 and total energy E in an effective potential
- L?
UL(r) = V(1) + 55 - (1= 11)
The second term in equation 1-11 is the centrifugal potential energy.
Equations 1-7 and 1-10 can be rearranged to give the two differential

equations

L? 14 , ,

i;[ (E - V(;-)-:—:)] . (1-13)

These two equations can be combined to give the rate of change of orientation angle
0 with respect to separation distance r

do L? -4 -1
E‘il‘r“[ (E- v()_rz)] ' (1-14)

The ultimate goal of this pmentatiﬁn is to calculate the scattering angle

W, +x=7 (1-185)
where 6, is the angle of closest approach. Thus, the observable x is given as
-2/‘“,[ Z(E- V(r)-—] dr.

Substitution of the uympeom kinetic energy and angular momentum gives

11



N dr .
y=x-2b M — 1-16
X / F3(1 - b3 /r? - V(r)/E)} o

re

The sign of x is not experimentally discernible, but the relation between the mea-
sured quantity | x | and the intermolecular potential energy which controls the scat-
tering pattern is clearly shown. Note that from this point onward, the experimen-
tally measured scattering angle 8 can be used interchangeably with x, and that
0=|x|

Equation 1-16 which describes x as a function of b is called the classical
deflection function (see Figure 1.2). For small b, the repulsive part of the intermolec-
ular potential is sampled, and a large x value results. As b increases, the deflection
angle decreases until there is no net deflection due to a balance in repulsive and
attractive forces. Larger b gives rise to negative deflection angle, whose magnitude
goes through a maximum when the attractive forces are at a maximum (known
as the rainbow angle). Still larger b has decreasing x due to the intermolecular
potential being weak and having little influence upon the trajectory.

Laboratory scattering experiments cannot control the impact parameter
and then measure the scattering angle for a single interaction. Rather, narrowly

range of impact parameter.
ence to Figure 1.3, all particles which enter annular area A, are scattered through

angle x into annular area A; (recall from Figure 1.2 that for each impact parameter
b there is a unique value of scattering angle x).
The differential cross section which describes this scattering event is

Number of scattered particles/time/sclid angle
Number of incident particles/time/ares

DCS = o(x,E) = (1-17a)

12



Figure 1.2 The classical deflection function x as a function of the impact parameter
b. For a “head-on” collision (i.e., b = 0) the particle back onto its in-
coming trajectory. As the impact parameter increases in magnitude, the
collision becomes less impubsive such that the attractive forces predominate
and x becomes negative. This is usually called being a soft collision. At
large impact parameter the attractive force is negligible, and the particles
trajectory is undeflected.

By reorganizing this equation in a slightly different manner, it is possible to easily

obtain a mathematical equation representing the definition.

Number of scattered particles/timexarea

Number of incident particles/timexsolid angle (1-17b)

o(x,E) =

First of all, the incident flux or number of incident particles per unit
time per unit area is simply lo. The number of scattered particles per unit time in
the area A, is given by the input flux (assumed to be constant over the entire cross
section of the molecular beam) multiplied by the area of the annulus (I x 2xb db).
The solid angle into which the particles have been scattered is given by 2x sin x dx
after integration over the azimuthal angle. Substituting into equation 1-17b gives

o(x,E) =

’(Xt E) =

Iyx2x bdb
Iox2x siny dx

b e
;;x—lyl (1-18)
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Figure 1.3 Three dimensional depiction of the scattering event: incident particles
within the annular area A; are scattered through angle x into annular
area Aj.

There is now a clear connection between the experimentally measured
DCS and the intermolecular potential energy function that describes the classical
dynamics of the interaction. As a rule, the shape of the DCS is well reproduced
for systems that have a large reduced mass. However, singularities in the DCS can
occur in two particular instances:
i. siny — 0 called the glory effect®:1°:%7
ii. l & | = 0 called the rainbow effect®+19:¢7

corresponding to scattering st 0%, is usually not at all visible under the strong
forward scattering®”, and often only a broad “bump” is seen in the DCS due to the
rainbow effect.®'19¢7 Hence, the strongest reason for studying a system via classical
mechanics is to obtain a good estimate of the order of magnitude and position of

14



rainbow features in the DCS. More quantitative reproduction of DCS features now

requires one to turn to a quantum mechanical description of the scattering event,

15



1.3.B. Quantum Mechanics of Scattering
We now turn to quantum mechanics to provide an accurate descrip-
tion of the differential cross section. For simplicity during the development of the

necessary equations, we will again assume the case of atom-atom scattering which

The quantum treatment of atom-atom scattering describes the system
in terms of a wave function ¥(T") which depends only on the relative position T

of  particle moving in a central force field.® The Schrodinger equation is given by
(-g—yvf + V(:)) ¥(7)=E¥T) (1-19)

where V2 = § 2 (12 ) - -}‘% , with L? the angular momentum operator. The

required boundary conditions of ¥(T") are
¥(7) = 0 (or any finite value), r—0, (1-20)

and

¥(7) = V(T )+(X)g'h £ — 00 (1-21)

where \P‘j(?‘) is the wavefunction if V(r) = 0 everywhere, f(x) is the scattering

momentum,
(2uE)'/?

k=

The intensity of a wave with eigenfunction ¥ is ¥? and the flux is ¥ 7',
where 7' is the wave velocity given by k. The incident flux magnitude is therefore
just ¥ since |#O(T)|? = 1, i.e., ¥°(T") is normalized. Similarly, the scattered flux
is given by |%&|7 5. The ares of the annular region (A; in Figure 1.3) resulting
from the scattering is 212 siny dy, which corresponds to particles being scattered
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into a solid angle of 2xsiny dy. Thus, the scattered flux per unit solid angle into
this area is given by

oy [2 Y
Flux = f(r_x) L siny dy

2r siny dy
= [fo|'

(1-23)
Recalling that the differential cross section is defined as the amount of seattered

flux relative to the input flux, we now get for the quantal differentinl eross-section
» O %7
o(x,E) = ———
1

= OO

(1 -24)
The entire objective of the quantum mechanical treatment of seattering

deflection function x(b). In other words, the Schridinger equation must be solved
for ¥(7).

Multiplying the wave equation (Equation 1-19) by % gives

(V2 4+ K = u(r))¥(T)

0. (1-25)
where u(r) = V(r)%%. Expanding the wave equation in terms of partial waves, each

of which corresponds to a particular angular momentum state of the system gives

¥T)= % Z Ce ¥e(r)Pe(cosf)

T =0

(1-26)
where C, are the amplitudes - the partial waves y,(r), Pe(cond) are the Legen-

dre polynomials, and ¢ is the angular momentum quantum number.® Substituting

Equation 1-26 into Equation 1-25 gives the set of equations

(5 +14° - udn)) vt =0

(1-27)
17



where u,(r) = u(r) + g—%—l’- is called the effective potential. It is made up of the
regular potential summed with the centrifugal potential energy.

Equation 1-27 is called the partial wave equation and can be solved as
follows. Providing® ru(r) — 0 as r — oo the solution of the partial wave equation

for each partial wave is given by®
Ye(r) 2 sin(kr + &¢) (1-28)

where &, is the relative phase of the incoming and outgoing parts of ¥ (r). If

u(r) = 0, then the partial wave equation has the following solution®
¥?(r) = sin(kr — ¢x/2) (1-29)

where —€x/2 is 6, the phase term due solely to the centrifugal contribution g%ﬁq

The phase shift caused by the potential is therefore

1]155;‘5?%514‘!!‘/2; (1330)

Asymptotically then,
Ye(r) 2 sin(kr + ne - €x/2) . (1-31)

rined from the normalization

The coefficients C, in Equation 1-26 may be detern
condition for ¥(T"), [¥*¥dr = 1, and from the orthogonality of the Legendre
polynomials. This leads to
1 o= i ,
f*9) = o g(ze +1) (€% — 1) Py(cosd) . (1-32)
The phase shift, 1, is essential to calculating the quantum differential cross section,
and in turn the interaction potential is the physical property which determines the

18



Visualization of the phase shift is best done by considering the wave
function which satisfies Equation 1-27. When r is large enough so that V(r) ~ 0,
uy(r) will behave as sin(kr), thus meaning that a comparison of ug(r) with the same
wavefunction obtained when V(r) = 0 (Equation 1-29) will give the phase shift in
¥e(r) due to the presence of the interaction potential. The qualitative shape of the

phase shift versus ¢ curve is given in Figure 1.4. At small ¢ the phase shift is lnrge

As £ increases, the phase shift goes through zero, reaches a maximmm positive
value, and then assymptotically goes to zero as the effective potentinl has very
little contribution from the true potential.® Analytical and numerical techniques for
solution of 1, are well developed in the literature!® and not discussed in any further

detail.

n

Figure 1.4 Generic relation between the phase shift n; and the orbital angular me-
mentum quantum number ¢ for an interaction potential with hoth repulsive
and attractive parts.
The connection is made between the experimentally observable feature
(i.c., the DCS), to the calculationally important phase shift, and finally to the
19



desired intermolecular potential. In practice however, due to the complicated equa-
tions relating the potential to the DCS, this calculation is carried out in the forward
sense by first assuming a potential form, and then calculate a DCS from this as-
sumed potential. Comparison to the experimental DCS implies the possibility of

iteration to itnprove the potential form to agree with experiment.



1.4 QUANTUM MECHANICS FOR ATOM + DIATOM SCATTER-
ING

The above equations are cssential in understanding the connection be-
tween the intermolecular PE surface and the measured DCS. However, the HF +Ar
system studied in this thesis is more complicated than the atom-atom case beeause
of its non-spherical PE surface. The two coordinates used to describe the PE sur-
face are the distance “r” between the HF center of mass and the Ar atom, and the
angle “y” between the vector passing through the HF molecular axis and the veetor

from the HF center of mass and the Ar atom (sce Figure 1.5).

Figure 1.5 Coordinate system for the interaction between Ar and the HF rigid rotor.

The calculation of the DCS is handled via two diffcrent methods: the
first method is called the Close-Coupling (CC) technique, and is an cxact quantum
mechanical formulation subject to the condition that the angular dependence of
the intermolecular potential can be approximated by an infinite Legendre series.®®

involves two distinct approximations which greatly simplify the coupled differential
q . mm ] ,! — 0 — L
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1.4.A Close-coupling?

It is easicst to start the calculational process by taking advantage of the
fact that in the molecular beam environment the HF molecule will be in its ground
vibrational state, and that the vibrational quantum for HF is ~500 meV. Since
the collision energy is only ~120 meV (see Chapter 4 for complete details), then all
vibrational transitions are energetically closed. This allows the useful approximation
of treating the HF molecule as a rigid rotor to remove all dependences upon the HF
bond length and the vibrational state.

The Schridinger equation for this calculation is very similar to Equa-
tion 119, except that now we include the kinetic energy operator for an HF rigid

rotor

hzvg 32 v W) = E¥(T 1-33
o +2”“Fdz+("v‘7) (T)=E¥(T). (1-33)

Note that there are two angular momentum operators in this equation, namely 32
which is the angular momentum for the rotating HF molecule, and L? inside the V?
operator which is the orbital angular momentum between the HF and Ar as they
approach each other.

Now to solve the Schrodinger equation (Equation 1-33) exactly via the
technique called “close-coupling” originally developed by Arthurs and Dalgarno.*®
Briefly, the method is as follows: the eigenfunctions of the rigid rotor are spherical
harmonics (Y; m;) with rotational energy %;-j(j +1). The tota. energy when the

It is noted that while the development of the close-coupling equations is shown in the
following section, they were not actually programmed by the author. A working program
solving the close-coupling equations was obtained from Professor Millard H. Alexander at
the University of Maryland in College Park, Maryland. Through help from Prof. Alexan-
der, operation of the HIBRIDON code as specifically set up for the Ar + HF problem was
mastered over a period of several monthe. Computer code developed at the University of
Alberta includes transformation of center-of-mass frame DCS’s to the laboratory frame,
followed by subsequent averaging over experimental conditions to allow direct comparison
to measured DCS's. No further programming or deconvolution of the close-coupling code
was attempted.
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rotor is in a specific quantum state®® j is
32
E; —E+—J()+1) (1-34)
where E is the incident kinetic energy.
Recognizing that the orbital angular momentum 1 will couple with the
rotational angular momentum j to give the total angular momentum J, a new
function is defined as

! J
YW= Y Y Gimimi|jlIM) Yo, Y,m, (1-- 35)
mi=-~1 mj=—j
where (jlm;m;|j1IM) is a vector-coupling or Clebsch-Gordon coefficient®. This

new function describes the total angular dependence of the diatomic and the incident

particle plus target.
The Schrodinger equation is now written as

H¥)M =E;¥)}M . (1 - 36)

Expanding this wavefunction according to

ﬂ = Z 2’-‘ J"c"(f) YJ,'r ) (1-37)

substituting into Equation 1-25 (which is actually a shorthand version of Equa-
tion 1-19), multiplying from the left by Y}‘}.,.‘, and integrating over angular vari-
ables yields a set of coupled differential equations,

(&g -t -% 48 UV o -9
where

2 W, _

k}.=-;’:—[3,'-ﬁ](] +1)] (1-39)



and

(G IIV ) = / / Y} VY, de
At large r, u;"','( r) may be written as

(1-40)
uj:',—‘.(r) ~ ;1 ;b1 exp [=z(k,—r - ih)]
(k)

k

The differential cross section I is then given as

) SIG'r, jl) exp [i(k,—-r - %I't)] .

This defines the S matrix which gives rise to the scattering amplitudes f(j'm;., jm;).

I

= kjé

(1-41)
2 lf (J'mj'!ij) I2
J

00 I+)
fGmpam) =Y 3

(1-42)
) S o
)DID D Mt
=0 M=-J l=|i-j| I's{J-j'| my==!
x (21 + 1)3(jim ;0| jIM) (§'Pmjemp | §'PIM) (8550600 = S*(G55'T)) Yim,

(1~ 43)
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1.4.B Infinite-Order-Sudden-Approximation

Solution of the close-coupled equations is a daunting task, and it is a
reasonable expectation that there exist many approximations which will decrease
the calculational effort. The most common approximation techniques are men-
tioned in reference 6, from which an in depth reference listing can be obtained. The
infinite-order-sudden (I0S) approximation used in this thesis was chosen for two
main reasons: one is that the resulting differential equations are uncoupled (i.e.,
one dimensional only), and thus relatively straight-forward to solve. The second
reason is that the I0S approximation was familiar to this laboratory when doing
erence 17), and a transition to HF+Ar scattering calculations was hoped to be
relatively straightforward.

There are many descriptions of the 10S method in the literature,’* 7
but for the purpose of actually doing the calculations the best direction is given by
Parker and Pack.”™

The Schrodinger equation for this calculation is identical to Equation 1

33 which includes the kinetic energy operator for an WF rigid rotor

Bon, +V(r,7) | ¥(T) = E¥(T) (1-44)
MR A o

Again note the presence of the two different angular momentum operators, J? and
L? inside the V? term, which couple the HF rotational motion with the angular

Lm0l + 1)K (1-45)
and
PajiG+1)N (1-46)



removes all angular dependence except for that which is present in the potential
term. Equation 1-45 is the centrifugal sudden “CS” appraximation, which decouples
the orbital angular momentum from the rotational angular momentum. Since the
orbital angular momentum is now independent of all other terms in the Schrodinger
equation, it can be chosen to be one constant value with no consequence to any
other quantum numbers, and so the centrifugal potential term becomes degenerate
in energy throughout the entire interaction. Parallel to the CS approximation is

the energy sudden “ES” approximation (Equation 1-46), which has the effect of

taken together, they form the 10S approximation.®

The angular dependence of the potential is now treated in a parametric
fashion, leaving an uncoupled second-order differential equation to solve in a manner
which is parallel to that shown in Section 1.3.B. Slight changes in some of the
equations occur along with an extension in computation to include the averaging
over the interaction angle.

The simplifications of Equations 1-45 and 1-46 give

[+1) 2., l 51, - , .
1 +h—‘-.fV(fx‘r)] ¢*'(ry) =0, (1-47)

where V(r,7) is the intermolecular potential itself and

K= [E 3G+ 1)n%/21) . (1-48)

I is the moment of inertia of the diatomic (HF). Equation 1-47 is very similar to
Equation 1-25, and is solved in the same manner to give the phase shifts as a

function of ¢ for the given parametric angle. The scattering amplitude is
( 16) = —— 3 2iv} _ - 49)
*(1]0) = ﬁg 2z+1)( 1)1:.(ma) (1-49)



Expansion of f*(v |8) in Legendre polynomials in 4

L=0
leads to
(1-51)

|1&5

1IG' i)=Y Cij".j 000" — 0)

»

o gl

==
where C%(j,;",;';000) are Clebsch-Gordon cocfficients and

=2
) IFL.(0)F . (1~ 52)

1"~ 0) = (t—%

Thus, we get all of the cross sections fromn only a few integrals, and have averaged

over the interaction angle in Equation 1-50.



1.3 VALIDITY

The close-coupling calculation is the exact solution of the Schrédinger
equation, and hence is the most accurate calculation available. However, this tech-
nique suffers from being a very difficult computational problem, with cumbersome
equations for programming, vast computer storage requirements, as well as large
amounts of central processing unit time required. Nevertheless, it remains the
method of choice because the results are, to the best of the scientific community’s
knowledge, the most accurate.

One can reduce computer requirements by employing various approx-
imations to help solve the complicated equations. This has been done with the
infinite order sudden approximation. It is expected to be valid® whenever the rel-
ative kinetic energy is large compared to (i) the change in rotational energy for a
given collision (the ES approximation), and (ii) the difference in the adjacent cen-
trifugal potentials (the CS approximation). Expressed differently, this same validity
criteria requires the relative collision energy to be much larger than the well depth.®

For the Ar + HF system studied, point (ii) is valid since E,) = 5¢, where
€ ~ 27 meV is the potential well depth. Moreover, in the vicinity of the attractive
well minimum (r~ 3.4A) the centrifugal potential varies from one value of £ to the
next as ~ ¢ x 0.01 meV. When doing summations over £ as described in Section 1.4,
¢ was never allowed beyond 400, and so the change in adjacent centrifugal potentials
is always much less than the relative collision energy.

More difficulty arises from point (i). The rotational constant for HF
is 2.55 meV (20.56 cm™!) which is quite large in comparison to other diatomics
(e.g., Be ~6.55cm™",1.7cm™! for HI, N; respectively).® Following the criteria in
reference 6 shows that only for elastic (Aj = 0) and slightly rotationally inelastic
transitions (Aj = 1) should the IOSA be valid. However, transitions with Aj >
+2 also contribute a significant amount to the DCS (~ 50% at wide angles as



shown in Chapter 5). This leads one to be suspicious about the validity of the ES

Another way to view the ES approximation is to say that the molecule
does not rotate for the duration of the collision (i.e., pick a 9 and integrate the one-
dimensional Schrodinger equation). As explained in Chapter 5, an HF molecule
in j = 1 will execute ~ 1.7 rotations during the collision, and this clearly does
not conform to IOSA requirements. Thus, the I0SA is not expected to be quan
titatively accurate for the Ar + HF system. On the other hand, it is relatively
simple to program and is expected to provide qualitative insight into the seattering

phenomenon.
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CHAPTER 2

USE OF A CHEMICAL LASER FOR
MOLECULAR BEAM SCATTERING EXPERIMENTS'

2.1 INTRODUCTION

Lasers have become ubiquitous in their marringe with molecular beam
techniques as applied to spectroscopic studies and internal quantum state specific
scattering.! Studies involving the ground electronic state exclusively have used opti-
cal pumping,2~* F-center®® and frequency difference lasers,” all of which are contin:
uously tunable. Line tunable molecular lasers have also been applied to scattering
studies. Despite their inflexibility, these lasers naturally overlap spectrally with the
scattering partner to be studied and are often quite powerful. In particular, the HF
chemical laser has been used for studying enhanced chemical reactivity due to vibra-
tional excitation® and to rotation and reactant orientation,? as well as rotationally
inelastic scattering.!® These experiments have been restricted to exciting HF gas
clouds or poorly collimated beams. However, measuring rotationally inclastic differ-
2,3,11,12

ential cross sections (DCS) requires highly collimated molecular beams and

hence better spectral overlap due to sub-Doppler absorption profiles. Our interest
in measuring scattering intensity as a function of scattering angle and rotational
state is to help determine intermolecular potential energy functions, especinlly for
systems exhibiting substantial attractive wells.!?

This paper describes application of a cw HF chemical laser for prelim-
inary DCS measurements in rotationally inelastic HF+Ar seattering. The luser is

described, with special attention devoted to the achievement of single-line operation

A version of this chapter has been published.
L.J.Rawluk and M. Keil J. Opt. Soc. Am. B 6, 1278 (1989).
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for some R-branch transitions useful in thesc studies. Signal intensities and spec-
tral linewidths for single-mode and multi-mode laser interactions with the molecular
beam are compared. We also discuss locking the laser output to the intra-cavity
Lamb dip, thus closely matching the molecular beam absorption peak. Finally, we
present some preliminary inelastic scattering measurements as an example showing

the laser’s utility for rotationally inelastic DCS experiments.



2.2 APPARATUS

The laser used in this study is similar in many respeets to other subsonie

14-17

ew chemical lasers described in the literature. Figure 2.1 depicts the laser and

molecular beams system. Fluorine atoms are produced in a 2450 MHz microwave
discharge by flowing SF¢ and He (15 and 600 atm-cm®/see respeetively) through
an air-cooled alumina tube. The magnetron (Hitachi M57D11) delivers 1200 W
of microwave energy from a highly regulated 4 kV power supply. Hydrogen (30
atm-cm?®/sec) is injected perpendicular to the flow through a row of 62 0.5 mm
diameter holes drilled along the top and bottom of the flow channel, which is 4 mm
5.5 Torr, maintained by a 165 £/sec Roots pump backed by a 60 ¢/sec mechanical
pump (Leybold-Heracus WAUS500 and S160C, respectively). Brewster angle CaF,
windows are mounted 5 mm downstream of the H; injection flow. A He purge flow
(20 atm-cm?/sec) is used to sweep out any deactivated HF trapped behind these
windows. Without this flow, v = 1 — 0 laser transitions are completely absent for
J <5

The optical cavity consists of a plane diffraction grating mounted in the
first-order Littrow configuration, and a ZnSe output coupler with # 3 m radius of
curvature. The grating (Bausch and Lomb) has 300 lines/uun with s bluze angle
of 22.2°, and is gold-coated. The output coupler (Two-Six) is coated for 0% re-
flectance at 2.7 um, dropping to 87% at 2.43 and 2.91 um. Thense opties are held by
adjustable mirror mounts (Newport 600A-3), separated by three invar rods mounted
to a pneumatic table (Newport GS-34). The table also holds all the extra-cavity
optics, but it does not touch the laser mixing channel, mechanical pumps, or mi-
crowave generator. The cavity length is kept as short as possible (26 cm) to prevent
multiple longitudinal modes from lasing. The cavity length may be adjusted by a
pieso-electric translator (PZT) which can also provide active stabilization (Lansing
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80-214). The laser output is collimated by a 1 m focal length CaF; plano-convex
lens located 1.05 m from the output coupler. Laser power reflected from a 40 Hz
tuning fork chopper is measured by a thermopile (Ophir); faster response is achieved
by an InSb detector at 77 K (Infrared Associates). The chopped laser is directed
into a crossed molecular beams apparatus, using a CaF; Brewster-angle window
and conical baffles to suppress scattered light. The entire path from the output
coupler to the evacuated molecular beams chamber can be purged with dry N, to
prevent attenuation of some laser lines due to water absorption.

The crossed molecular beams apparatus, which has been deseribed else-
where in elastic scattering experiments'® consists of two independent, differentially
pumped supersonic beam sources for HF and Ar. The HF beam is operated neat
at a nozzle pressure of 300 Torr. The nozzle is heated to 580 K to suppress dimer
formation.

The translational distribution of the HF beam is characterized by a ve-
locity FWHM of 22%, although the nozzle conditions are not fully optimized. Rota-
tional state populations are estimated from measurcments with the laser operating
multi-mode. Higher-gain laser lines attain higher power, but contain higher-order
modes within a laser beam that is then physically larger. The power density is
thus roughly similar, and corrections have not beecn made to the measured signals.
Likewise, we have not yet attempted to correct our measured signals for possible
saturation effects. The measured j = 1:2:3 = 1.00 : 0.25 : 0.12 distribution for
the incident molecular beam should therefore be regarded only as an approxima-
tion of the initial rotational state distribution. The scattering measurcinents are
unaffected by these approximations however, since we do not attempt comparisons
between different scattered rotational states.

The Ar beam is optimized for intensity and narrow velocity distri-
bution.!® Both beams are angularly collimated to 4° FWHM and intersect at a point



on the rotation axis of a bolometer detector (Infrared Laboratories). The bolometer
is a thermal detector with a specified noise-equivalent power of 10~'* W/v/Hz and
a time constant of ~ 15 msec. Scattered and background HF in one specific (v, )
state absorb the modulated laser beam and impinge upon the bolometer to pro-
duce a synchronous signal.!® Scattered laser light contributes coincidentally to the
bolometer signal. The scattered light and background HF signals are subtracted
by periodically flagging the Ar beam. By rotating the bolometer and tuning the

diffraction grating, we measure rotational state-specific DCS’s for scattering of HF

by Ar.



2.3 RESULTS

2.3.A R-Branch Lasing

Due to the high pressure present in most cw chemical lasers, the vib:
rotational population inversion attained is incomplete, and only P-branch emission
is observed.'*~17 This implies that scattered HF in j' = 0 would be undetectable;
indeed most cw HF lasers have little usable output even for j' = 1.2° R-branch
lasing has been observed in a study using specially coated mirrors, but without
line-selectivity.?! Figure 2.2 displays our measured single-line power ontput as the
diffraction grating is tuned across the HF laser emission. We have observed strong
R;(0) and R,(1) lasing, with weaker j = 2,3 lines. Though not cvident from Figure
2.2, weak R; lines for j = 0 — 3 can also be scen when overlapping PPy lines are
eliminated by turning off the He window purge. This demonstration of R-branch

ence of a “complete” inversion in our laser 2!

lasing shows directly the pres

Since our pumping speed is not dramatically higher than other labora-
tory cw lasers, it is possible that most of these devices actually do achieve complete
population inversion. We have noticed however, that these R-branch lines are very
sensitive to gas flows, and the R, lines are casily lost if the optics become too
transmissive for wavelengths less than 2.5 um. We note that the R; lines occur at
wavelengths unaffected by water absorption.

The present chemical laser has output powers sufficient to probe ;' =
0 through to j' = 7. The j' = 1,2 states may be probed both by P- and R-
branch emissions. This may make it possible for the laser to probe non-statistical
m; distributions produced by rotationally inelastic scattering,?>?* since the plane-

polarized laser output implies a spectral selection rule of Am; = 0.
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Figure 2.2: Multi-mode laser power obtained as the intra-cavily greting is rotated while
the output coupler PZT is scanned rapidly. Note the vertical scale change
between the R; and P; branches. The Py (8) and P, (9) M_m
only as weak shoulders and are not weable with the presest action grat
resolution.




2.3.B Spectral Overlap

Spectroscopic requirements for high resolution are often incompatible
with scattering requirements for high signal intensity and stabilty. Our current
focus is on the latter requirements and we make no attempt to match some very
high resolution HF lasers.!” Moderately high resolution can casily be attained by
adjusting the intra-cavity iris for TEMgo operation (confirmed by guassian spatial
scans). Figure 2.3 shows the consequent appearance of a strong and stable Lamb
dip, coinciding with the molecular beam absorption maximum.

The measured absorption width from Figure 2.3(c) is ~30 MHz, re-
sulting at least partially from the bolometer’s slow response relative to the PZT
scan rate. Slower scans yield measured widths of ~15 MHz. This is slightly broader
than the sub-Doppler molecular beam absorption breadth of 10 MHz, caleulated for
single-pass MPC alignment and HF originating from the nozzle. The unstabilized
laser therefore has a single-mode linewidth of <15 MHz.

The presence of a strong Lamb dip (Figure 2.3) should permit active
stabilization of the laser to the molecular beam absorption maximum. This has
been achieved for the relatively weak R;(0) and P(1) lines for various periods
ranging up to 1 hr. Such long stabilization periods are necessary for the seattering
experiments, which require long signal integration times (~20 min).

Unfortunately, higher-gain laser lines tend to oscillate on higher-order
transverse modes. Repression of these higher-order modes by stopping down the
intra-cavity iris results in severe diffraction losscs for the TEMoo maxde, and only
~20 mW of single-mode power can be obtained for the high-gain P;(4) line. This
results in a weak and unstable Lamb dip, prohibiting long-term measurements for
the molecular beam absorption. Lowering the microwave discharge current reduces
the laser gain, and we are able thereby to recover strong Lamb dips and ~100 mW
of single-mode power even for the Py(4) line. This is not completely satisfactory

43



2 |

=0

[V

3

O

l =
0

S 0.1

;’ -

% L
0F

Figure 2.3:

« Cavity Length

The top traces show single-mode laser power for the R, (0) line obtained ae
the PZT is scanned through two succemsive longitudinal modes. 'l'h—l-
modes correspond to & messured PZT displacement of 1.22 um, compa
lhﬁﬁy—eﬂwmd;\ﬁ:lm(&uqxﬁwnﬁ“ﬂi)
The output shown in (a) is a single sweep displaced upwards by 50 mW. Trace
(h)-hnnmdiwtﬁnmllmuﬂﬁmpﬂﬂ“i
the intra-cavity Lamb dip. Tbm(e)ﬁnlhm:pd:;f,, nding
to the molecular beam sbeorption.

“



however, because the microwave discharge loses stability and we still eannot achieve
long-term locking to the Lamb dip.

Active stabilization to the Lamb dip for selected spectral lines with
moderate powers (~100 mW) yiclds strong molecular beam signals, but for periods
too short for the scattering experiments. On the other hand, passive stabilization
results in laser frequency drift sufficient to render signal intensities highly unstable,
At the present time, we have therefore had to degrade the laser resolution in order
to achieve acceptable signal stability.

Optimum use of the present laser for scattering experiments velies on
maximum possible excitation (ideally saturation) of as large a spatial fraction of the
scattered molecular beam as possible. Since resolvable DCS structure for HF § Ar
scattering will likely be limited to rainbow features,?®#¢ the desired angular ves-

olution need not be better than ~5°. Under these low resolution conditions, the

broader than the unstabilized laser linewidth determined above. The high-resolution
laser then cannot exc ;e molecules diverging more than 1° or so above or below the
scattering plane. The signal obtained would be lower than if all the seattered
molecules could interact with the laser.

More intense signals can be achieved by allowing several different
laser frequencies to oscillate simultancously, cach exciting distinct Doppler-shifted
ugheets” of molecules lying above or below the scattering plane. An even larger
spatial fraction of the molecular beam can be excited by adjusting the MPC for
12 reflections through the scattered molecular beam. Ten of these crossings are
non-orthogonal, by up to 6° (Figure 2.1).

Higher-order transverse modes achieve oscillation by opening up the
intra-cavity iris. Their appearance can be seen by tuning the laser wavelength
across the molecular beam absorption using a single-pass MPC alignment. Up to
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6 transverse moxles can be scen in Figure 2.4(c) even for the relatively low-gain
R,(0) line. The observed spacing of ~ 50 MHz agrees well with the 55 MHz spacing
calculated for our optical cavity. The presence of these higher-order modes washes
out the much narrower Lamb dip [Figure 2.4(a)], prohibiting active stabilization at
the molecular beam absorption maximum,

Using the MPC with 12 passes further congests the multi-mode absorp-
tion lines with 10 diserete Doppler shifts up to £70 MHz. The results presented
in Figure 2.4 show an almost continuous serics of absorption lines. Since the lines

are so closely spaced, the PZT may be scanned more rapidly than the bolometer
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2.3.C Inelastic Differential Cross Sections

signal integration times required (~20 min). Furthermore, we do not yet need the
angular resolution afforded by the high-resolution laser. The preliminary scattering
data therefore were taken with the laser operated multi-mode, and with 12 passes
through the MPC. Unfortunately, the low-resolution laser results in larger scattered
light signals due to the physically larger multi-mode laser beam and scattering from
the MPC mirrors. A second disadvantage is that each laser line has a different mode
structure and size, complicating comparisons amongst rotational statcs.

The preliminary DCS data presented in Figure 2.5 for each scattered
rotational state are normalized independently at 10°. The scattering data shows
excellent reproducibility, especially for j' = 2 where the DCS was measured in 3
independent runs. Uncertainty in laser mode structure and its corresponding wave-
length distribution have no effect on the scattering measurements as presented, since
the measurements are normalized only for angular distributions and not between
laser lines. The same is true of saturation effects.

Typical differential scattering patterns for light systems (e.g., involving

cillations dominate DCS’s for heavier systems (e.g., Ar+Kr, Ar+Xe).?” Both types
of oscillations can be scen for systems of intermediate reduced mass (e.g., Ne+Ar),
but this requires very high angular and energy resolution and has been achieved
only for atom-atom systems.?®

The rotational state-specific results displayed in Figure 2.5 show the
broad rainbow structure generally expected for systems of intermediate reduced
mass and low angular and velocity resolution. These experimental results are com-
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in Figure 2.5. The potential energy surface used in this calculation is most accu-
rate for the attractive well region,?® especially for the minimum-energy Ar---H—F
orientation. Figure 2.5 also shows very recent experimental measurements of the
“total” DCS rainbow structure for beam conditions similar to our own.?® This DCS
rainbow structure depends rather sensitis- .y upon the HF+Ar attractive well.

A feature of the preliminary measurements presented in Figure 2.5, un-
available from the rotationally unresolved results, is the increasingly prominent
rainbow structure as j' is increased. These results likely depend sensitively upon
the shape of the repulsive wall region,!? which is not yet well characterized for this
system. OQur preliminary state-resolved measurements, for a system with a reason-
ably strong attractive well, therefore complement detailed observations of rainbow
structures for systems with very weak attractive interactions.?:*

Our current efforts aim to optimize the state-specific measurements and
to extend them over more j' states in order to more clearly discern the rainbow
behaviour.  Although we do not intend to analyze the preliminary data, we be-

lieve that forthcoming results will be useful in determining the anisotropy of the

attractive well and repulsive wall regions of the HF+Ar potential energy surface.



2.4 SUMMARY

We have described a laser capable of producing relatively high output
powers for single-line operation in the 2.4-2.5 ym R, region of the HE chemical
laser. These lines show strong Lamb dips, allowing long-term active frequeney
stabilization. High-order transverse modes present in higher-gain lines wash out the
Lamb dip, and we have not yet used active stabilization for our seattering studies.
Preliminary state-specific scattering measurements with excellent reproducibility
are presented, showing rainbow structure that evidently becomes more pronounced
for higher scattered rotational states. These data provide preliminary results for
that may show a transition from “elastic” to “rotational” rainbows with increasing
j'.“

Future prospects include enabling active stabilization for the higher
gain laser lines. We would then be able to dispense with the rotating MPC, mnch
reducing scattered light. Unfortunately, this may also reduce the signal intensity.
Higher collision energies and other scattering partners will be investigated, including

inelastic scattering for chemically-bonded species.
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CHAPTER 3

EFFECT OF VELOCITY ON SATURATION BEHAVIOUR

FOR HF MOLECULAR BEAMS!
3.1 INTRODUCTION

This study was motivated by our desire to measure population dis-
tributions for HF molecules after rotationally inelastic collisions. Such measure-
ments typically use direct laser-based probes' such as laser-induced fluorescence or
multi-photon ionization. Indirect probes, based on measurements of post-collision
kinetic energy and then invoking conservation of total energy, have also been
very successful.? The latter typically require a very high kinetic energy resolu-
tion that is often difficult to achieve. Conversely, the former techniques require
well-characterized electronic transitions, which are very difficult to access for the
hydrogen halides that we are studying.®

The choice of HF for the present study is dictated by our use of an
HF chemical laser. More generally, atom-hydrogen halide systems are particularly

Investigations of bound states of atom-HF interactions have become very de-
tailed, including use of radio-frequency and microwave spectroscopy,”~’ and in-
frared spectroscopy.”!! However, there are very few detailed (i.c., simultaneous
angular and rotational state resolution) scattering studies available for any system

to test intermolecular

scattering cross sections have been measured and analyzed
potentials and to investigate the dynamics of rotational energy transfer.!*=!? Many

A version of this chapter has been published.
Y. B. Fan, L. J. Rawluk, Y. Apelblat, and M. Keil, J. Opt. Soc. Am. B 8, 1218 (1991).
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of these studies, for example total'®'4:1¢ or state-selected!” differential eross section
measurements, require the accurate determination of rotational population distri-

butions.

another successful method for rotationally state-specific measurements uses the op-
tothermal infrared spectroscopic technique.'®'? This method, developed by Gough,
Miller and Scoles,'? is based on thermal detection  using a windowless bolometer

of the energy deposited into a molecular beam by an infrared laser. Sinee bolome-

cw laser.
Rotational relaxation in supersonic molecular beam expansions have

been reported by many groups using this technique.2?=%4 Duc to the searcity of

the latter category, using an HF chemical laser to deteet an HF molecular beam
guarantees such coincidences to within the Doppler width of a free-running laser,
resonance with the laser emission line.?*?%

For the low laser power typical of F- centre and diode lasers, the ab-
sorption signals are linear or nearly s0,2!?® and equations for converting bolometer
signals into populations have been given by Bassi et al2" As the laser power iy
increased, saturation and coherence phenomena can occur which sometimes com-
plicate extraction of rotational populations from measured signals. Several recent
studies using molecular lasers with powers high enough to obserw: strong non-linear
effects have focussed on very elegant observations of coherent excitation processes.
Also, strong saturation of the absorption signal was observed in a detailed study of
the rotational relaxation of CH3F, but no attempt was made to characterize this
saturation behaviour.?®



For the scattering studies being undertaken, we naturally wish to max-
itize the sensitivity of the laser+bolometer technique in measuring the very weak
flux encountered. Fortunately, our spectral resolution is only what is required for
good overlap between the laser emission and the molecular beam absorption. Thus,
we aim for a régime avoiding coherent phenomena and the appearance of Rabi oscil-
lations, whose understanding requires solution of the optical Bloch equations.?5 At
the other extreme, incoherent phenomena yielding population inversion can also oc-
cur. In this case, the Bloch equations lead to a chaotic path,?” rendering an accurate
description very difficult. Nevertheless, such a description may not be appropriate
for incoherent processes in which the absorption is saturated and the populations
are balanced by spontaneous and stimulated emission. Perhaps the best way to
describe such incoherent absorption is to use a phenomenological method, ignoring
the complicated micro-dynamic process.?®

Our approach in this paper is to use Einstein's spontaneous and stim-

approach has also appeared elsewhere,?®? though not in the context of bolometric
detection of infrared transitions. We apply the rate equation to the present case
of thermally detecting modulated laser absorption. Various limiting cases of laser
power and interaction time with the molecules are discussed. We then demonstrate
that our stabilized HF chemical laser generates enough power to fully saturate a
sub-Doppler molecular beam absorption. We also present rotational state distribu-
tion measurments for HF supersonic beams generated under a wide range of nozzle
expansion conditions. Finally, we comment on the sensitivity for HF actually at-

tained by the current detection system.



3.2 EXPERIMENTAL

The saturation behaviour and rotational distributions were determined
using a crossed molecular beams apparatus designed for measuring the angulr
dependence of scattering processes at thermal collision energies.  This seattering

A o ro

apparatus has been described in previous publications presenting elastic
tationally inelastic!? scattering results. Here we deseribe aspect- direetly related
to determining the saturation behaviour and rotational distribu .. The basic
principle is founded upon the opto-thermal laser+bolometer techuigue developed
by Gough, Miller, and Scoles:'® an HF molecular beam impinging on a bolometer
(thermal) detector gives up its kinetic and internal energy, which is seen as a de sig

selective amplification of this ac component gives a direct measure of the exeited
population. Attenuating the laser power with neutral density filters then allows the
saturation behaviour to be characterized, while tuning the laser frequency allows
the rotational population distribution to be measured.

The HF supersonic molecular beam is generated by continuous expan-
sion through a 100 um-diameter Pt nozzle into a chamber evacuated by an unbaf-
fled diffusion pump having a rated speed of 8000 litre/sec. The heam emerges into
a differentially-pumped chamber through a 0.73mm dimmeter Ni skimmer. The
pressure in this chamber is maintained below ~ 5 x 1077 torr by a combination of
diffusion- and liquid N; cryo-pumping. The molecular beam then passes through
a non-collimating aperture prior to interacting with the laser used to label the HF
rotational state. Internal energy excitation produced by the laser is then detected
by a liquid He—cooled bolometer detector located directly in the path of the HF
molecular beam. A schematic diagram of the apparatus is shown in Fig. 3.1. A
second molecular beam, required for our scattering experiments, is not utilized in
the present measurements and is not shown in the figure.
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Figure 3.1: Schematic diagram of the apparatus (not to scale). Rotational state selectivity
is provided by grating G, which forms an optical cavity with output coupler OC
mounted on a piezo-electric translator driven by the stabilizer (Stab). Trans-
verse mode structure is controlled by intra-cavity iris I;. Feedback for the
stabili.or is provided by beam-splitter BS and detec’ «nSb. After attenus-
tion by a neutral-density filter (ND), the laser is chopped at Ch for synchronous
lock-in detection. Laser power is monitored by reflection from the chopper into
power meter PM and is collimated by lens L. A second iris I3 blocks optical
ummmmwmmuummmwm

beams (CMB) apparatus. The molecular beam is formed by expansion of HF
through the hested nossle N3, skimmed at Sk, collimated st C, and detected
by the bolometer Bolo. A time-of-flight chopper TOF, in conjunction with the
mass spectrometer QMS, is used for beam characterisations only, for which the
bolometer is rotated clear of the molecular beam.



The nozzle pressure for the HF beam is reguleted by thermostatting lig
uid HF in a monel cylinder. For sceded beams, He is bubbled through the liguid and
regulated by a mass flow controller. The nozzle is heated to S00°K to suppress HF
dimer formation, though HF dimers are entirely transparent to the laser radintion.
A mass spectrometer located downstream of the laser and bolometer wonitors the
HF beam with the bolometer rotated out of the way. The measured "' 21520
ratio, indicative of dimer concentration, is kept below ~ 5% for all beam conditions
used in these experiments, and is usually < 3%. The beam velocity is measured
using a time-of-flight chopper in conjunction with the mass spectimeter. A large
nozzle-skimmer separation of 100mm is used to avoid overloading the cryogenic
bolometer, yielding a calculated beam angular divergence of 0.42°. Measurements
with the molecular beam blocked inside the source chamber confirm that effusion of
HF from the source chamber is insignificant, even for the highest rotational states
examined.

The continuous-wave chemical laser used in this study has been de
scribed before in some detail.3? It operates on the F 4+ Ha—HF! + H reaction,
where HF! denotes vib-rotationally excited HF in the ground electronie state. Spe
cific lasing frequencies in the R,(j)- and Py(j) branches are selected by tuning
an intra-cavity diffraction grating. Sub-Doppler linewidths are obtained by ae
tively stabilizing the cavity length, whose feedback loop uses a prominent Launb
dip observed in the single-mode power dependence upon cavity length. To ensure a
well-characterized interaction between the laser and molecular beams, we have re
moved the multiple-pass cell used in our earlicr work. A single mirror now reflects
the laser back upon itself for two perpendicular passes through the molecular ben,
The mirror is slightly mis-aligned (~ 0.5°) to climinate optical feedback into the
laser oscillator. We estimate the stabilized laser linewidth to be < 15 MH2,** which

we can now maintain for the duration of an entire experiment (> 10hr). As can
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be scen from Fig. 3.1, the present stabilization scheme is considerably simpler for

wavelength region,?® as well as providing more power. Conversely, the line tunabil-
ity restricts the chemical laser to probing a severely limited number of molecules
(e.g., HF, DF and HCI).*

For most laser lines, an intra-cavity iris is essential for suppressing high-
order mode structure, and for observing the Lamb dip. Besides ensuring constant
power output and frequency linewidth, the Lamb-dip stabilization also ensures that
the laser frequency is sufficiently close to line-centre for exciting the molecular beam.
Slow scans across the laser gain profile verify that the stabilized laser frequency is
optimized for interaction with the molecular beam (we do not observe double-peak
profiles, thought indirectly to be due to beam clustering?®?). Spatial scans verify
TEM,o operation of the stabilized laser. Laser powers S 100mW invariably show
multi-mode structure, and all measurements conducted here are below this limit.

The HF laser beam is interrupted mechanically at a frequency of 39.6 Hz
by a tuning-fork chopper, which also provides the reference signal for a lock-in am-
plifier with which the modulated bolometer signal is detected. Power reflected from

the bolometer signal. After a distance of ~ 2m from the output coupler, the laser
beam is admitted into the scattering chamber through a Brewster-angle window;
scattered laser light is suppressed with baffles. Flushing the entire laser path with
dry Ny onsures that > 80% of the laser power is transmitted to the intersection
point of the laser and molecular beams. The laser is 1.9mm in diameter at the
intersection point (1 width), 160 mm downstream from the nozzle. The HF molec-
ular beam at this point is calculated to be 1.2mm in diameter, so that the laser
intensity is roughly uniform over the full width of the molecular beam. The low
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Vibrational excitation of the molecular beam from the ground state to
v = 1 is detected by a cryogenic bolometer (composite Ge, Infrared Laboratories)
intercepting the HF miolecular beam 230 mm downstream from the nozzle. Rota
tional state selectivity is achieved since the laser is tuned to excite only one specitie
rotational state of v = 0. For the highest possible sensitivity required for onr
scattering experiments, we operate the bolometer at 1.6°K; for the present exper
iments, the on-beam flux is high enough that the bolometer may be operated at
4.2°K. The bolometer’s specified noise-equivalent power is 1074 W/VHz at 1.5°K,
but it is much less sensitive at 4.2°K (sce also See. 3.4.C).

Two types of measurements are performed in this study. For exmmining
the bolometer response as a function of laser beam intensity, we attenuate the
laser with reflectance-type neutral-density filters (Melles-Griot) placed ahead of the
power meter. These filters are placed after the Lamb-dip feedback loop so that the
laser stabilization is not affected, but before the tuning-fork chopper so that the
actual laser intensity is monitored. Beam conditions for conducting these saturation
studies as a function of beam velocity are listed in Table 3.1

For measuring the HF molecular beam rotational distribution, we re
move the filters and tune the diffraction grating to lase on successive Ry(j) and
P)(j)-branch lines. The chemical laser has sufficient intensity only up to j . 2
in the R-branch,*? though there is no such restriction for the P branch. Sinee
the experimental sensitivity slowly shifts due to the large HF flux impinging on the
bolometer, we monitor the signal due to the R(0) laser line  with filters removed

as the reference to which the bolometer sensitivity is periodically normalized.
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Seeded HF

Table 3.1 HF

Molecular Beam Condition

HF bath temperature (°C) +10.040.5 -~50%1
0.05

0.10

Static HF vapour premure (atm) 0.76
Nozzle diameter (mm) 0.10
Nozzle temperature (°K) 500410 500110

Nozzle pressure (atm) 0.74 5.7

Mast probable velocity (km/sec) 1.21 2.11°

Velocity FWHM (%—P) 0.21 0.10"

Relative intensity (arb. units)”

separations.

* The He component has i‘é—'i = 0.13 with no appreciable velocity slippage.
! p Pl y shipj



TE EQUATION THEORY

The present experiments were designed for saturating the HF infrared
absorption, rather than for very high-resolution spectral characterization of the
infrared absorption process. For example, the residual Doppler width of the HF
molecular beam, including the slight mis-alignmnent of the mirror used for double
passing the laser through the molecular beam, is ~ 5 — 10MHz. Under these
conditions, it is appropriate to use the rate equation approach!** in examining
the dependence of measured bolometer signals upon the laser power. We estimate
that the strong-signal limit would be approached only for powers exceeding several
hundred milliwatts, judging by the laser intensity required to yield Rabi oseillations
for wavelengths 4x longer than ours.?® The rate equation approach has also been
applied to laser-induced fluorescence studies of electronie transitions using pulsed
lasers,?%:3%

Due to the collision-free molecular-beam environment, the v 0,5 -

v = 1,;' laser pumping process can be treated as the isolated three-level system
portrayed in Fig. 3.2.2% This can be approximated as a iwo-level system if the 203

spontaneous emission rate is much slower than the 2—1 rate from induced and
spontaneous emission. Although this assumption is not necessary for the treatment
that follows, it will be validated in See. 3.4.A below for the long lived infrared
transitions being considered, given the short interaction time between the laser nnd
mol:cular beam.

Ignoring laser polarization and molecular orientation effeets,** the rate

equation for the upper state is

dN,(t o
;t“ = Ni(t)Byap - Na(t)( Ay + Byip). 3-1)

Here we are using standard notation,®® with N(t) and Nj(t) the time-dependent
populations of the ground and excited states, respectively, and p the energy density
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Figure 3.2: Isolated three-level system depicting laser-induced absorption, and stimulated
Iaser is tuned to the R; (1) line in this example. Under the present experimental

excitation is shown to be negligible (Sec. 3.4.A).
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per unit frequency range of the radiation. The HF(1r = 1, ') excited state is empty
before interaction with the laser beam, so that Ny (1) = N and Ny(#) - 0, where N

is the total population. This yiclds the transient response function

No(t) =

NByzp [ ;(s(:l@;ﬂl!z:*"nh']" 3 2

Az +(By + Buyp
Note that the interaction time ¢ in this treatinent is the transit time of the molee
ular beam across the laser, while it is the laser pulse length in Altkorn and Zare’s
treatment.?®

We now particularize this result for a bolometer deteetor, whose signal
is proportional to the total energy content of the incident moleenles. Modulating
the laser, and assuming that all forins of the impinging molecules’ energy are acco
modated upon the cold bolometer surface independently of internal state, we obtain

a lock-in signal proportional to the population promoted to the excited state,
Swolo ¢ N2AE);, (3-3)

where AE,; = E; - E, and E, and E; are the vib-rotational energy contents of
the ground and excited states, respectively. This equation also assumes that the
proportion of molecules accomodated on the bolometer surface again is independent
of the internal energy state. Under such conditions, modulating the laser removes
such constant terms as the kinetic energy an | heats of adsorption and condensation.

In the present case, the energy difference AE); may be written approximately as

We — 2weze +2B(5 +1) (R tranch); 7
AE,, ~ o (3-4)
We — Aveze — 2By (P- branch),
where j designates the rotational level in the ground vibrational state und we have
neglected differences in the rotational constant B between the two vibrational levels,
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Combining Eqns. (3-2) and (3-3), we may now write the modulated
bolometer signal as a function of the energy density p and the interaction time ¢t of

the moleecule with the laser as

(3-39)

7 NB,3pAE,; =[An+(Bi3+ B2 )p)t
Sholo X = — [1 —-e ] .
A2y + (B2 + B2)p

The first factor in this equation, which depends upon the laser power but not on
the interaction time, is also independent of the dipole moment transition matrix

element jij2: the Ay and both B cocfficients are proportional to ). The second

factor does depend upon t, and refers to attainment of equilibrium in the pumping
process. For very weak encrgy densities, Eqn. (3-5) yields a linear dependence of
Sholo v8. p. At higher cnergy densities, a non-linear dependence develops that is
cases in distinguishing these differences.

For low cnergy density and a short interaction time,

i.c., [Ayy + (Byz + Byy) p]t < 1, we obtain
Sbolo x NBy2ptAEy,, (3-6)

which gives the usual linear power dependence typically found in absorption ex-

power laser+bolometer experiments,?® sometimes with corrections for minor non-
linearities.?!

For the opposite limit of high energy density and a long interaction time,
i.e., [A21 + (Bia + Bn1) p]t > 1, we obtain

NBy2pAE);

Ay + (B2 + Bz])p- 3- 7)

Sholo X

In this case, the non-linearity with power depends upon the relative magnitude of



A third limiting case of Eqn. (3-5) can be distinguished that also yiclds
a non-linear power dependence. For energy densities high enough that stimulated
processes are much faster than spontancous emission, s.e., (Byy + By p > Ay, we
obtain

, 3-8

. -(n B »
S|,°|°CX NB,\,AE,, [1_(‘ (Bia+ By )pt

(Bi2 + Bny)
provided that t is reasonably short. This non-lincar dependence is particularly
relevant for infrared transitions, since their spontancous lifetimes are often rather
long. In addition, the laser interaction time with the molecular beam may be made
rather short, so that the conditions of Equ. (3 7) are not necessarily satistied.
The high energy density “saturated” limit of Equs. (3 7) and (3 8) are
identical, and can be simplified using the relation g, Byy = g2 B2, to obtain

Ng;AEy;

y (3 - 9)
g1+ 92

Snt x

where g; and g3 are the degeneracics of the ground and excited states, respectively,
For the R(j)- and P(j)-branches, this saturated absorption signal then takes the

form

‘—H{—:;NAE}; (R- branch);
Smex{ (3-10)

y‘;—lNAEn (P branrh),
where AE), is given by Eqn. (3-4). Experimental evidence to distingnish between
the saturation behaviour of Eqn. (3-7) vs. Equ. (3 8) appears not to be discussed

extensively in the literature, and will be provided in the next section.
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3.4 RESULTS and DISCUSSION
3.4.A Saturation Behaviour

In order to determine the rotational distribution accurately, we must
first be able to convert the measured bolometer signal for each laser line to a popu-
lation for the corresponding rotational state. This requires adequate characteriza-
tion of Eqn. (3-5) in the sense of deciding, under ideal circumstances, which of the

three limiting cases identified by Eqns. (3-6)-(3-8) is appropriate.

< 15MHz, the energy density in the intersection zone is $ > 9 x 107 j — sec/em®,
where P is the laser power in milliwatts. For the R,(0) line of HF, Einstein's A3, and
B,, factors are 61.9sec™! and 1.74x10?® cm? j~! sec™? respectively.?’ For the slower
of the two beams characterized in Table 3.1, the interaction time is t ~ 1.6 usec. Un-
der these conditions, the laser power must be > 30mW for [A3, + (Bi2 + B2y) o)t
to exceed unity, so that the limit of high energy density and long interaction time
of Eqn. (3-7) is by no means assured. Conversely, (B12 + Ba)) p > Az corresponds
to a laser power as low as ~ 3 uW. Even allowing for spontaneous emission to the
third level shown in Fig. 3.2, this estimate would be increased to only ~ 10 uW.
These cstimates therefore suggest that Eqn. (3-8) should be used in preferrence to
Eqn. (3- 7) for describing non-linearities in the power dependence of the bolometer
signals measured here.

One clear experimental difference between Eqns. (3-7) and (3-8) is that
the power dependence of the latter should be affected by the interaction time,
whereas the former should not be. We have measured the laser power dependence




It is evident that these curves depend strongly upon the HF veloeity. The curves

in Fig. 3.3 are obtained by fitting the data to the function
Sbolo (1 — ¢ K¥), (3-11)

as suggested by the form of Eqn. (3-8). The fitted paramcter K is 0.066 mW ! for
vir = 1.21km/sec, and 0.026 mW ™! for vryp = 2.11km/see.

These results substantiate the inverse velocity dependence for Kosug;
gested by Eqn. (3-8). In addition, the fitted values for K agree qual atively with
those calculated from the above estimates for p and ¢, which yield K > 0.033mW !
for the slow HF beam, and > 0.019mW ! for the fast one. Considering our order
of-magnitude estimate for the laser frequency width, we regard this as satisfactory

agreement with the fitted parameter values. Conversely, a fit to the functional form

i r
f [ 31-12
Shn)ln o Aﬁ, + P! (3 lg)

as suggested by Eqn. (3-7), yields fitting parameters K’ several orders of magnitude
different from the corresponding estimates,

Regarding transitions other than R;(0), we note from Equ. (3 8) that
the laser power required for saturation depends upon the sum of the Einstein By,
than +25%.}7 Measurements confirm that saturation for all these Ity and Py tran-
sitions is virtually complete for P > 50 mW.

Under the present experimental conditions, it is apparent that satura
tion behaviour is governed by the exponential factor of Eqn. (3 5), and that the

We note that this conciusion is unlikely to be affected by power broadening or tran-
s. Using the A and B factors given above and a power of
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Figure 3.3: Saturation curves for two HF beam velocities using the R;(0) chemical laser
line. Beam conditions are given in Table 3.1. Measured signals are normalized
independently at the highest laser power shown (filled symbols). The curves
correspond to best-fit results using Eqn. (3-11).
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80mW, the upper-state lifctime is estimated to be > 0.6 psee, while the transit
time is somewhat longer even for the fast molecular beam. These broadening mech
anisms contribute < 0.3 MHz to the observed absorption linewidth. Considerably
narrower Doppler widths than the presently achieved ~ § — 10MHz (See. 3.3) are
thus needed to observe such broadening.?*

The strong saturation exhibited in Fig. 3.3 is very useful both for ' ¢
present rotational state distribution measurements, and for our rotationally inclastie
scattering studies.!” Saturated transitions maximize the detection sensitivity, unless
one is willing to go throuy. the difficulties of generating Rabi oscillations or inver
sion effects.?327 Furthermore, saturated signals are essentially independent of laser
power,?® markedly improving stability in three-beam scattering experiments, It is
apparent that we have achieved—at lcast in the mid-infrared region  the partie
ularly convenient circumstances for molecular quantum state population measure-
ments referred to by Altkorn and Zare as the “limit of very strong saturation™.** In
deed as they point out, converting signals to populations becomes simpler [Eqn. (3
10)], requiring much less experimental information and eliminating the need even
for the Einstein factors.

The bolometer used in conjunction with a modulated saturating lnser
functions essentially as a particle fluz detector (i.e., Sae x N) after allowing for
the degeneracy and (small) rotational energy factors of Equs. (3 10) aud (3 4),
respectively. This circumstance is particularly helpful for scattering studies, wherein
the bolometer’s sensitivity would otherwise be complicated by the seattering velocity
(and hence kinetic energy) dependence upon the scattering angle, and by adsorption
effects on the bolometer surface.?!

The experimental conditions used in this study may also provide a par-
ticularly important régime for HF detection under alternative cirenmstances, In
particular, the bolometric signal would be proportional to population differences if

7



the excited state is already vopulated before interacting with the Tiser as mieht he

the case in reactive scattering experitnents, for example.



3.4.B Rotational Distributions

The rotational distribution data are measared for laser powers corre-
and He diluent nozzle pressures, As an example, results for a seeded HF beam are
presented in Table 3.2 Signals for R and P branch lines originating from com-
mon rotational states in v = 0 are near the ratios caleulated from Eqn. (3 10). In

partic dlar, ten additional measurements for the Ry(1) and P (1) bolometer signal

ratio of 2.58. The corresponding ratio for the Ry (2) and P(2) signals is 11% higher
than caleulated from Eqn. (3-10); we therefore take £10 — 15% as a reasonable
estimate of the error in our rotational population measurements,

Rotational distributions measured for four beam expansion conditions
are displayed in Fig. 3.4. These data show significant deviations from Boltzmann
behiaviour that inerease with nozzle pressure, such that higher rotational levels are
overpopulated in comparison with a Boltzmann distribution fit to the lower j-states,
This non-Boltzmann behaviour has been observed many times for many different

molecules! including HF.'?2! We fit the results to the function

i o [ Byj(j +1) ,
N, = - : LA I
s = (27 +1) x exp kTioo + BBoj(3 +1)]’ (3-13)

where T, is the limiting low-j rotational temperature and 3 provides a measure of
the deviation from thermal behaviour.?* Determining the low-j limiting rotational
temperature using Eqn. (3-13) is more appropriate than using a pair temperature
based on the j = 0 and j = 1 populations, since the former is determined by fitting
all the observed j states. The rotational distribution parameterized by Eqn. (3-13)
is seen to describe the measured populations quite well, under a wide variety of
nozzle expansion conditions.
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Table 3.2 HF Rotational Distribution®

R -branch
J Laser line —‘L” Py signal®
0 R,(0) Ma 100.00
1 R,(1) L 6R 54
2 R, (2) 2 17.57
3 R,(3) e nm!
4 R, (4) H/gg nm.”

* Seeded beam conditions of Table 3.1.

b

1.000
(LB )

0222

€ Populations determined from Eqn. (3 10).

4 Laser line too weak for frequency stabilization.

e .
Laser line not observed.

Signals and populations arbitrarily normalized for 5 -
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Figure 3.4: Boltzmann plots for rotational distributions measured for four different nozzle
expansion conditions. The two lowest pressures correspond to expansions of
pure HF and the two highest pressures to seeding in He. Bath temperatures
used to regulate the HF flow are —30, +10, —30, and —50°C, corresponding
respectively to increasing the total nozzle pressure. Measured signals are nor-
malized independently for the j = 0 population (filled symbol). The curves
are obtained by fitting a non-Boltzmann parameterization to the data using
Eqn. (3-13). Fitted parameter values are T,,, = 38, 82, 46, 40°K, and
p = 0.097, 0.077, 0.117, 0.096, respectively.
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Considening our use of a heated nossde, the present results antee nively

with those of Gough and Miller.2! in fact, the rotational disteitbution shown in T

diameter, our highest-pressure expansion is about 2.5% more foreeful, Despate the
present relatively balmy rotational temperature (for free jet expansions) of 10"k,
the coldest distributions yield a plarality of rotors i the 0 state due 1o the
large rotational constant for HF. For some measurements, we nsed acsmaller nos e
diameter with correspondingly higher pressure, hut we were unable 1o obtain sig,
nificantly colder distributions. It appears that we have reached o practical it for
rotational cooling under the present expansion conditions,

Using the procedure originally proposed by Rabitz and Lan™ s ap
plied by Gough and Miller,?! kinetic modelling of onr HE expansions seeded i He
yield substantially the same results as obtained by the latter anthors, Despite the
difficulty in obtaining lower temperatires experimentally, ealenlations show that the
kinetic model predicts rotatinnal distributions continuing to cool towards 0°K s

the nozzle pressure increases. It is clear that agreement between the kinetie medel

and the experimental results is limited to rather modest expansion conditions.
We note that it may yet be possible to obtain lower rotational tem
y 'y 1

peraturcs by seeding in heavier rare gases, but scattering of the lighter “secd” gas
out of the beam would then reduce the HF intensity. Sinee our erossed moleeular
beams scattering experiment requires the highest possible beamn intensity, we have
not pursued use of different diluents.? On the other hand, an improved rotational

state distribution might be achieved by using a sccond laser to pump the ineident

HF beam, performing the scattering in v = 1.
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3.4.C Detection Sensitivity

Finally, it is interesting to estimate the best laser+bolotneter deteetion
sensitivity that we ean currently attain. In this case, we of course operate the
bolometer at 1.5°K. For the lowest signal levels encountered in onr inelastie seat-
Under ' ese eiretumstances, oar measured noise level is ~ 4nV. Taking a speeified
bole 1 responsivity of 1.45 x 10° V/W as measured from its load curve, and the
HF energy content as one vibrational quantum of 4000 em ™", the detector has a sen-
sitivity of ~ 3 x 10* excited HF molecules/see. Under our experimental conditions,
this corresponds to a sensitivity of ~ 5 x 10 wolecules/see per quantum state, sinee
the optical transitions are saturated. Such a high sensitivity compares favourably
with mass spectrometer detectors (with ionization efficiencies of ~ 1073 - 1079),

and with other laser-based detectors,

7



We have used a bolometer detector to monitor the vibrational exeita
tion induced in an HF molecular beam by a narrow linewidth chemieal Eiser. The

laser provides energy densities high enough to “saturate™ the absorption. i order

based on the rates of spontancous and indueed processes  to the case of bolometiie
detection in the infrared. It is shown that the approach to saturated absorption con
sists of two factors. Under the present experimental conditions of high Liser powes
and short interaction times, the results indicate that the observed “satmation be
haviour” is caused by attainment of equilibrivun in the transition being, prmped.
This is substantiated by altering the molecular beam veloeity, thus changing the
interaction time of the laser with the HF beam,

Using the laser to saturate the HF absorption greatly simplifies the
conversion of measured signals to rotational state populations, while maximizing
the signal levels. We have measured rotational distributions for pure and secded
HF beams under conditions yielding beams intense enongh for inclistie seattering,
measurements. The coldest beam we could obtain for pure HEF had o temperature
of 3291{, while 40°K was reached for a He seeded HF beam. These rotational
temperatures correspond to peak populations in j = 1 and j = 0, respectively.

For saturated optical transitions, measured noise levels yield an estimate
for the laser+bolometer detection system sensitivity. For HF, this corresponds to

~ 5 x 10* molecules/sec per quantum state.
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CHAPTER 4

STATE-RESOLVED INELASTIC SCATTERING OF HF BY ARGON!
4.1 INTRODUCTION

Investigations of angular scattering distributions for rotational energy
transfer caused by atom+diatom collisions in crossed molecular beams have hoen
proceeding along three general trends since their ineeption.! State to state resoln
H; and its isotopic analogues by rare gas atoms,?* and of He by various molecules.
Optical pumping and laser-indveed fluor scence measurements have been applicd

to the scattering of Na; and other alkali molecules by atomie beams.™® Both sets

repulsive”® and have thereby elucidated such elegant structures as rotiational rain-
bow scattering.?1?

Interactions governed by 1nore attractive potential cnergy (PE) surfaces
have also been studied, though not with the same high degree of precision, nor
(typically) with resolution of state-to-state rotational inclasticitics, Among recent
examples, these studies include incompletely resolved angular seattering of 0, by
Ar'! and of CO; by He'? and Xe.!* Such interactions are expeeted to exhibit
features typical both of attractive systems, e.g., the impact paramecter rainbows

familiar from atom+atom scattering, and of repulsive systems, e.g., the rotational

important!® in elucidating the balance between attractive and repulsive forees dur-

ing collisions that induce energy transfer.!®!”

A version of this chapter has been published.
L. J. Rawluk, Y. B. Fan, Y. Apelblat, and M. Keil, J. Chem. Phys. 94, 4205 (1991).
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The hydrogen halide+rare gas (HX+Rg) interactions have served as
workhorses for investigations of anisotropic PE surfaces.!® With their large dipole
moments, HX molecules exhibit strongly directional binding to the Rg partner,!9:20
This binding has been studied by very precise and extensive spectroscopic techniques
over the last 18 years.?! Testifying to their elegance, these techniques continue to
provide ever deeper insights.'9:2022-24 Taking advantage of the large HX vibra-
tional excitation energies and transition probabilities, infrared spectroscopy has
also been used to study details of the photodissociation of HX*Rg van der Waals

molecules. 2526 A recent article by Vohralik, Miller, and Watts?” provides an exten-

sive bibliography for much of the recent work done on HX+Rg interactions.

excitation with bolometric detection,?® we are able to measure the differential cross
section (DCS) for HF scattered into specific final rotational states. The choice of
HF is dictated by the availability of a laser bright enough for optical saturation,
thus maximizing our signal and simultaneously simplifying its interpretation.?® We
choose Ar as a scattering partner because of reasonably large inelastic cross sec-
tions. For example, the ;j = 0— ;' = 1 integral cross section is expected to be
~ 21A? for HF+Ar,”" but only ~ 3.4A? for HF+He.>® Also, a lighter partner
would compress the HF into a small angular range in the laboratory scattering
frame, thereby prohibiting good angular resolution for the DCS. In addition, the
HF+ Ar system in particular has been subjected to very extensive and varied studies,
both experimental??:25:27.31=35 and theoretical 273638

Microwave’! ~3? and infrared??+25:34:3% gpectroscopy have provided very
detailed data for the HF*Ar van der Waals molecule. These data have been exploited
in developing reliable PE surfaces in the vicinity of the PE surface’s absolute min-
imum. In addition, the full angular dependence of the attractive minimum has
recently been determined for some favourable HX*Rg cases.!??® Theoretical and



semi-empirical efforts have led to construction of Hartree Fock plus damped dis

repulsive wall.?”:3 The repulsive regions are not probed spectroscopically, except
indirectly by HFeAr photodissociation experiments,*®

On the other hand, scattering experiments conducted at eollision en
ergies considerably in excess of the attractive well are sensitive to repulsive in
teractions. Such experiments therefore complement the spectroscopic probes, and

PE

urface.

The most sensitive scattering probe for anisotropic PE surfaces is pro
vided by state-to-state DCS measurements. To date however, the only state to state
HX+Rg cross sections available are integrated over seattering angles, and are not
very sensitive to details of the PE surface.”® DCS measurcments for these sys
tems have not yet attained state-to-state resolution even for the experimentally
most favourable of systems. Nevertheless, even “total” DCS (i.c., unresolved elas
tic+inelastic) measurements are quite sensitive to the PE surface at various levels
of detail.274%=42 [n most cases, the total DCS can be used to generate an effee
tive spherical potential. 3404143 Iy particularly favourable circumstanees, it may
even be possible to add anisotropic components to a spherical potentinl % further
improving its reliability.** At the very least, the total DCS provides a powerful
constraint on the acceptability of a given PE surface.

It should be noted that much of the sensitivity to the PE surface ex-
hibited by scattering probes is contained in diffraction or rainbow structure of the
DCS. For the lightest systems (i.c., Rg = He), well-resolved diffraction oscillations
are easily measured.3®#? Unfortunately, these systems exhibit only weak rotational
inelasticities.” For Rg = Ne, diffraction oscillations become so closely spaced that
they can be observed only with extremely high velocity and angular resolution. 44
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For the three heaviest Rg scattering partners, semi-classical rainbow oseillations
become more prominent than the quantum mechanical diffraction effects, and have
been observed in studies of the HC14+Ar, 24 HF+Xe,*!, and HF+Ar?7 systems.
In the present paper, determination of the HF rotational state subse-
quent to the seattering event is intended to improve the sensitivity with which the
HF 4 Ar PE surfuce is probed. While these experiments are not fully state-to-state
beeause of a distribution over rotational states before the collision, we find features
that have not been observed in earlier, total DCS scattering studies for any HX+Rg
system. In See. 4.2 of this paper, we provide detailed descriptions of th~ changes
made to our crossed molecular beams apparatus??4® that allow determination of
the HF rotational state after scattering. These changes focus upon our use of a
stabilized HF chemical laser.4? The data acquisition and analysis procedure is de-
scribed in Sec. 4.3, where we pay particular attention to the extraction of the DCS
from measured bolometer signals.?® Qur results are presented in Sec. 4.4. Here we
also show that the observed features are independent of kinematic transformations,
and we compare our data to the total DCS for the same system, as measured of
Vohralik et al.2” The observed features are discussed in terms of possible types
of rainbow scattering. Finally, we sumnarize our findings in Sec. 4.5 and outline

possible progress for conducting and interpreting these types of experiments.



4.2 APPARATUS

The scattering apparatus has been deseribed in previons publications

presenting clastic??’*® or preliminary inclastie?® differential eross seetion (DCS)

The principal modification from the elastic scattering measurements involves deter

mining the rotational state of the seattered HF; here we use aew HE chemieal Taser
operating in conjunction with a rotatable bolometer (thermal) detector. The basie
principle is founded upon the opto-thermal liser4 bolometer technigue developed
by Gough, Miller, and Scoles:*® an HF molecular beam impinging on i eryogenie
bolometer gives up its kinetic and internal energy, which is seen as o de signal. I o
modulated laser beam excites some of the HF on its way to the bolometer, seleetive

amplification of this ac component gives a direct measure of the excited population,

that specific state. Figure 4.2 portrays this detection scheme, as applied herein for

rotationally inelastic scattering.

Briefly, the apparatus consists of two supersonic moleeular benmn
sources, each pumped independently by unbaffled diffusion pumps (Varian) having
through circular Pt nozzles (Pelco), followed by home-made Ni skimmers that sam-
ple the expansion and collimate the beams. Emerging into the seattering chamber
at right angles to one another, each horizontally directed moleenlar benm passes
through a circular collimator placed 22mm hefore the collision zone. During seat.
tering experiments, the pressure is maintained below ~ 4 x 107® Torr. Nearly all of
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Figure 4.1: Schematic side-view of the scattering apparatus. The cw chemical laser fu-
eled by the I + Hy— HP! + H chemical reaction is shown at the lower left:
G-—diffraction grating; OC—output coupler; I; —intra~cavity iris; BS—beam
splitter; InSb—infrared detector; Stab—laser frequency stabiliser; Ch—
tumng fork chopper; PM—power meter; L—collimating lens; Iy—blocking
m:. Bsmm vacuum window and hgll Blﬂl Thi HF molecular

mer; and C—

collimator. Thlhmmyh:hrgmmdlqthﬁl—tmi-wchps
per and QMS—quadrupole mass spect er, when the bolometer detector
is rotated away from the incident beam. ﬂﬂwmm&ﬁ-ﬂm
ing for each vacuum chamber. The rotating laser+-boloms 2 system
(Bolo) is shown in the inset, Wmﬁlﬁmmﬂlﬂ
mirrors: LNg—liquid nitroge apertures; LHe—liquid helium-cooled
apertures; P—periscope; Hﬂuhltp- mirror; and D—semi-conducting
bolometer detector. All five of these components rotate as a rigid assembly
about an axis that passes through the collision sone and is perpendicular to
the scattering plane formed by the HF and Ar beams, the latter emerging from
lh:plmd‘lhﬂ;nn omponents within the inset are drawn to scale, &
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collimator.

The HF nozzle pressure is regulated by the vapour pressure from a
monel cylinder thermostatted at 10.0 £ 0.5°C, while the Ar gas flow is regulated
using a mass flow controller. Mass spectrometric time-of flight technigques are used
to determine beam velocity distributions. The mass spectrometer is also nsed to
check that HF cluster formation [(HF),, n > 2] is sufficiently repressed; this is
achieved by heating the HF nozzle to 500°K. Also, we note that HE dimers, the
most common clusters, are not excited by the chemical laser.™!

Beain angular distributions are measured by flowing HF at low pressure
through the nozzles, while monitoring the laser+bolometer signal as the bolometer
is scanned across the hcam. We note that these measurements include convolution
over the rather wide bolometer acceptance angle. To avoid thermally overload-
ing the bolometer while measuring incident HF beam rotational distribitions, we
replace the beam collimators by 0.1 mm diameter apertures. For on beam char
acterization of angular or rotational distributions, the bolometer is operated at
4.2°K. Molecular beam operating conditions are reported in Table 4.1, and the
distribution of HF rotors measured in the incident beam is compiled in Table 4.2,
By convoluting the beam velocity and angular distributions, we ealeulate a maost.
probable collision energy of 120meV. Given that the v = 0 rotational constant of
HF is 2.55meV (= 20.56 cm™!), rotational excitation is thermodynamically limited
to j' < 6 for 86% of the incident HF (i.e., from j < 2), and vibrational excitation

is not accessible at all.

mounted on a rotating flange to allow detection in the (horizontal) plane defined
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Ta!;lgi 4.1 Mqlgcglar Beam GPEI‘EEIILS Conditions

_HF__ Ar

Nozzle temperature (°K) 500+10 302
Nozzle diameter (mm) 0.10 0.30
Nozzle pressure (atm) 0.74 0.64
Nozzle skimmer distance (inm) 14 18
Skimmer diameter (mm) 0.73 1.03
Most probable velocity (km/sec)® 1.21 0.56

Velocity FWHM (82 ) 0.21 0.079

Collimator diameter (mm) 2.41 2.56

Angular divergence (deg)® 3.0 3.3

Nozzle scattering centre distance (mm 63 66
0.06 0.004

Dimer/monomer signal ratio®

* The corresponding most probable relative velocity is 1.31 km/sec, with a FWHM
spread of 17%. The calculated collision energy is 120 meV.

b Calculated.

¢ For HF, this is the measured % = 21 : 20 ratio. Most likely this provides only a
lower limit for the true dimer : monomer ratio due to fragmentation in the mass
spectrometer.



Table 4.2 HF Beam Rotational Distribution

Population (%)*
28
37
21
10

* Calculated from the measured on-beam bolometer signals as deseribed in
Sec. 4.3.B. This distribution may be characterized by a rotational “temperature”
of 55° K for j =0 -1, and 170° K for j = 3 - 5.



scattering measurements, the bolometer must be made as sensitive as possible, This
is achived by pumping on the liquid He dewar to lower its temperature to ~ 1.5°K,
simultaneously improving responsitivity®' and reducing microphonic noise.

The ew line-tuneable HF chemical laser has been described in a previous
publication,*? but a short description is also warranted here. The lasing action is
obtained from the F + H;—HF*' + H chemical reaction, where HFt denotes vib-
rotationally excited HF in the ground electronic state. Flourine atoms are generated
charge. Hydrogen is mixed into the flow channel, which is maintained at ~ 5.5 Torr
by a 165litre/sec Roots pump backed by a 60litre/sec 1aechanical pump (both
Leybold-Heraeus). The optical cavity consists of a 300 lines/mm diffraction grating
(Milton Roy) mounted in the first-order Littrow configuration, and a ZnSe output
coupler (Two-Six) mounted on a piezoelectric translator (PZT, Lansing). These
optics are separated by three Invar rods mounted on an optical table. To reduce
mechanical vibrations, the optical table does not touch the laser mixing channel,
mechanical pumps, or microwave generator.

A small portion of the laser output power is fed into an InSb detector
(Infrared Associates) to allow active frequency stabilization (Sec. 4.2.B). The laser
beam is mechanically chopped at 39.6 Hz for synchronous lock-in detection using
the bolometer. Light reflected off the chopper during its closed period is used for
simultaneously monitoring the laser power. The laser is collimated with a long focal
length CaF'; lens, and is directed into the scattering chamber in a (vertical) direction
perpendicular to the plane of the molecular beams. Scattered light is suppressed
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using a CaF; Brewster-angle window and conieal light batHes. The entire extra
cavity light path is flushed with dry N; to reduce absorption by atmospherie water
vapour.

Operating characteristies unique to this particular chemical laser bt
nevertheless important for the present experiments include lasing in the B branch®™

and active stabilization of the laser frequency.??

4.2.B Laser Stabilization

Of central concern to the present experiments is efficient matehing of the

laser emission wavelength with the molecular beamn absorption. On the one hand,

increased scattered light and use of an inherently multi-mode Doppler broadened
laser beam.** We have opted to use an optical cavity-length stabilization loop to

narrow the laser emission instead.

cavity so that it can sustain only a single longitudinal mode, as well as controlling
transverse modes using an intra-cavity iris. The higher-gain laser lines reguire a

smaller iris size, which is adjusted to give ~ 60mW of laser power for ench line,

beam. Under these conditions, slowly scanning the optical cavity length using the
PZT—while monitoring the molecular beam ahsorption signal with the bolometer
shows the laser spectral width to be ~ 15 MHz. In addition, the laser power output



the cavity length to the minimum of the Lamb dip then yields laser emission that
is spectrally narrow and is “automatically” matched to the sub-Doppler molecular
beam absorption.

We find that stabilizing the laser output frequency is facilitated by av-
eraging the very fast feedback signal from the InSb detector. The averaged signal
is then smooth enough to provide laser powers and bolometer signals that are sta-
ble over the > 10hr length of each day’s scattering experiment. Error signals for
correcting the cavity length are generated by 520 Hz modulation imposed on the
PZT holding the output coupler. This frequency is too fast to be followed by the
bolometer, whose time constant is ~ 15msec.

As can be scen from Fig. 4.1, the present stabilization scheme is consid-
erably simpler for the line-tunable HF laser than for continuously tunable colour-
centre lasers in this wavelength region,>? as well as providing more power.*® Con-
versely, the line tunability restricts the chemical laser to probing a severely limited
number of molecules (e.g., HF, DF and HC1).34

The use of a stabilized laser engenders important modifications to the
experimental design. In a previous publication, we reported preliminary inelastic
scattering measurements obtained by running the laser in a multi-mode configura-
tion with power levels up to 10x higher for some of the stronger laser lines. Also, the
molecular beam was formerly excited by a dozen (non-orthogonal) passes through
the molecular beam.*® We have now replaced the multiple-pass cell with a single
mirror, enabling the laser to make two orthogonal crossings through the molecular
beam. This latter design reduces scattered laser light to nearly immeasurable levels,
but sacrifices ~ 40% of the scattered signal from our preliminary measurements.
Offsetting this loss is the achievement of optical saturation with the much-improved
spectral overlap.

The Gaussian beam profile of the TEMoo mode being used in the cur-
rent laser configuration implies that all laser lines have the same spatial energy



distribution. This allows the rotational state populations to be caleulated directly
from the bolometer signals,?® enabling DCS measurements for HF seattered into
different rotational states to be compared. Such comparisons could not easily be
accomplished previously, since each laser line has a different mode structure and
size when operated multi-mode.

Because the incident HF beam consists of a few rotational states, aiming

the laser at the intersection point of the two molecular beams would promote some

would then yield a modulated bolometer signal with a component independent of
whatever rotational state the HF is scattered into. To eliminate this problem, we
mounted a two-mirror periscope onto the same rotating flange as the bolometer.
This displaces the laser 16.5mm away from the intersection point of the moleeular
beams, but along the direction taken by HF scattered into the bolometer detector
regardless of the scattering angle.

4.2.C Alignment and Background Suppression

Alignment of the periscope, and of the laser along the bolometer’s rotat -
ing axis, is crucial in ensuring constant angular sensitivity for the laser + bolometer
combination detector: mis-alignment could allow the laser beam to wander off the
direct path between the scattering center and the bolometer.

To verify proper alignment, we constructed an angular sensitivity cali-
bration source. This calibrator is a sealed tube attached to the rotating flange and
extending vertically to the collision center. A small hole drilled in the side of the
tube aims HF at the scattering center and into the holometer, thus providing molee-
ular flux independent of the bolometer’s rotation angle. Under these test conditions,
the variation of angular sensitivity was measured to be < 2% throughout the range
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The stringent alignment requirements forced us to abandon our earlier
use of pneumatic levelling for the optical table;*? fortunately the laser stability does
not suffer. Finally, we note that slight mis-alignment of the laser heam returning off
the double-pass mirror is necessary to avoid optical feedback into the laser cavity.
This mis-alignment displaces the laser ~ 0.3 mm along the direction of the HF that
is scattered into the bolometer. Since the double-pass mirror also rotates with the
bolometer, the laser displacement is maintained regardless of scattering angle and
neither reduces the signal level nor changes the angular sensitivity.

Early measurements of scattered HF were hindered by large background
signals that were present with the Ar beam flagged open or closed. This background

was attributed to HF bouncing from walls near the collision zone, through the

1 by HF bouncing directly off the Ar beam. Although the

and phase as possessec
background contribution is removed by subtracting the Ar beam-off from beam-
on signal, the measurable signal-to-noise ratio is degraded and the possibility of
systematic errors is increased.

We remove most of this background contribution by employing a cylin-
drical liquid N3-cooled Al mesh that partially surrounds the collision zone, shown

allow the HF and Ar beams into the collision zone, and the entire half opposite
the beam inlet holes is cut away to allow for detection and adequate pumping. In
this way, the bolometer always “looks at” the cold Al sponge. Test measurements

100°K.

To avoid excessive HF condensation on the beam collimator, which is
mounted to the same liquid Na—cooled post as the Al sponge, the collimator is
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thermally isolated, and remains above —50°C. Nevertheless, the high incident flux
of HF partially obscures the beam after 4 — 6 hr contimious operation. At this stage,
we thaw the sponge to > 150° K for a few minutes before re-cooling it and resuming

scattering measurements.



4.3 DATA ACQUISITION and ANALYSIS
4.3.A Measurement Technique

DCS mecasurements of HF scattered into a particular state j within
as shown schematically in Fig. 4.2. The bolometer is placed at the desired labora-
tory scattering angle to measure the modulated signal. This signal corresponds to

the energy flux impinging on the detector as a consequence of the laser excitation

are made large enough to ensure that the detector viewing cone encompasses the
entire scattering volume. Considering the sizes of both molecular beams and the
laser, as well as the bolometer apertures, we estimate an overall apparatus angular
resolution of 3° FWHM. Consequently, we perform most scattering signal measure-
are spaced by only ~ 1.6° for the analogous Ne+Ar system.*3

In order to reduce signal fluctuations due to long-term drifts in beam
intensitics and detector sensitivity, we periodically (every ~ 1/2hr) measure the
scattering signal at 30° with the laser tuned to the R,(0) line. This particular
kground despite high signal levels, and

angle was chosen because of negligible

line as a reference for each of the final rotational states examined provides the means
to compare the DCS sacattered into each j', relative to that for ;' = 0, without
further normalization.

On average, the reference signal is stable to within £10% between suc-
cessive references and on successive days, but a slow decrease in signal intensity is
usually observed during the course of each day’s experime
larger changes sometimes occur in the reference signal level, paticularly because

. We assume this is
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Figure 4.2: [llustration of the laser-based bolometric detection scheme for rotationally in-
elastic scattering. In the example shown here, HF molecules initially in j = 0
are scattered into the final j' = 2 state, both within ¥ = 0. Thix final state
is probed by the chemical laser operating on cither the R, (2) or P, (2) transi-
vibrational excitation is then conveyed to the bolometer for detection.



of purtinl blockage of the HF beam by condensation (Sec. 4.2.C). If the change
between successive reference measurements exceeds 25%, then all data gathered
between those references is rejected; this affects < 10% of the data accumulated.

In order to obtain statistically meaningful results, we performed four or
five independent measurements of the iutensity at each laboratory scattering angle.
Integration times for each of these casurements were 40 — 2000 sec (including
backgronund subtraction). The longer integration times corresponded to low signal
levels at wide seattering angles and/or high j' states. To obviate possible systematic
crrors, the measurements were conducted on two or three different days. After all
the data were gathered and averaged, 1o error bars were constructed by slightly
smoothing the statistical errors.

Accuracy of the laboratory scattering angle is dictated by the HF beam
centreline accuracy and by reproducibility of the detector positioning. A fully au-
tomated feedback system ensures that the latter error is kept to within +£0.02°.
However, the former error is more difficult to characterize. Beam angular scans
do not accurately determine the centreline, owing to drifting bolometer sensitivity
when exposed directly to the incident HF beam. Unfortunately, our angular range
is insuflicient, with the broad beams being used here, for us to apply symmetry
considerations for the scattering measurements on both sides of the HF beam.%®
From our beam angular scans, we estimate the absolute error for the laboratory
scattering angle to be £1°. This has substantial consequences only for the steeply
angular-dependent measurements at 10° and 15° (Sec. 4.4.C).

For these experiments, modulated signals can be generated by HF scat-
tered from residual Ar present in the scattering chamber and by scattered laser
light. Both these background signals are removed by flagging off the Ar atomic
beam before the scattering centre and subtracting this signal from that obtained
without blocking the Ar. For all but the smallest scattering angles of &,, = 10°
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and 15°, the measured background constitutes ~ 20% of the true seattered (o,
difference) signal.

For small scattering angles, one further complication arises from the
bolometer’s wide viewing cone and the broad HF molecular beam. For #,,, -« 15°,
a minute part of the molecular beam impinges direetly onto the boloweter surfaee,
Because some of the HF beam is attenuated by the Ar beam, opening the Ar tlag
reduces the incident HF beam flux onto the bolometer, thereby spurionsly depress
ing the measured on/off difference signal. In the present experiment, the Ar heam
attenuates the HF incident flux by 2.1%, as measured on the mass speetrometer,
Under these conditions, the error introduced by the Ar beam Hagging procedure
will be only ~ 2%, even for background signals amounting to H0% of the back
ground+scattered signal. With statistical error bars of ~ 5 — 10% at low angles, we

should be able to ignore this particular background correction problem.

4.3.B Conversion to Populations

The bolometer is a thermal detector responding to the total energy con
energy content includes kinetic and internal energy, as well as the heats of adsorp
tion and condensation. The following discussion assumes that this total molecnlar
energy content is accomodated upon the cold bolometer surface independently of
internal state. Under such circumstances, utilizing lock-in detection attaned to the
laser chopper then eliminates all the molecular contributions except for moleenlar
internal energy. Periodic flagging of the crossed Ar beam eliminates seattered laser
light also, which is the only modulated optical source. The lock-in signal obtained
is then proportional to N, the population actually promoted by the laser to the
v = 1 excited state,

Sbolo @ N3AE;;, 4-1)
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where AE); = E; — E; and E; and E; arc the vib-rotational energy contents of

the ground and excited states, respectively.

In the present case, the large vibrational term value of HF ensures that
the energy difference AE,; depends only slightly upon the rotational state being
probed and upon the choice of R- or P-branch excitation. However N3, the flux
of HF molecules actually excited to v = 1, depends upon the laser power, spec-
tral width and molecule+laser interaction time, as well as the HF absorption and
emission cocfficients.?? Nevertheless, under conditions of optical saturation, these
dependencies are eliminated, and only the rotational degeneracies of the v = 0 and
v = 1 states are important.®> We have shown previously that the frequency stabi-
lized chemical laser operating at ~ 50 mW is sufficiently bright to ensure that the
HF optical absorption is saturated within the ~ 1.6 usec interaction time. Since the
v = 1 excited state is completely empty before the laser interaction, the bolometer

signal for saturated optical transitions is given simply by

Snl o ﬂm (4 - 2)
91+ 92

where g; and g; are the degeneracics of the ground and excited states respectively,
and N is the population, before laser excitation, residing in the rotational state
heing probed.?® Equation (4-2) is then used, with appropriate expressions for AE,,
to convert the measured bolometer signals to rotational state populations. The
rotational degeneracy factor #.-‘;? is larger for R-branch excitation than for the
corresponding P-branch transition, so we use the former for 3 < 2. For ;' > 3

We note that the bolometer, though nominally an energy flux detector,
operates as a number flux detector under two limiting circumstances: either the
molecular beam is chopped and its accomodation energy upon the bolometer vastly
exceeds its internal and kinetic energy; or the laser beam is chopped and the optical
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transition is saturated.?® The “total” (unresolved elastic +inelastic) DCS measure
ments of Vohralik, Miller, and Watts?? closely match the first set of eriterin, wherens
the present experiments satisfy the second set.

The validity of the above procedure for extracting rotational state pop-
ulations from measured bolometer signals was verified by measuring the rotational
distribution for HF effusing from the molecular beam source chamber at o fow Torr.
The fitted rotational temperature was very close to that of the source chamber
walls. In addition, our measured incident beam population distribution, presented

ing conditions.?”*® Finally, we performed on-beam measurements for j . 1 and 2

using both R~ and P-branch excitation. The corresponding populaticns ealeulated
factor of 2.5), which we then take as a reasonable estimate of the error in comparing
populations from the diffcrent rotational states.?
4.3.C Polarisation Considerations

Rotationally inelastic scattering of molecules can preferentinlly orient
the molecular plane of rotation. This is especially true for interactions govermed

by hard-ellipsoid potential energy surfaces,” =59

or those characterized by a deep
attractive well in the linear atom+molecule configuration'®!'? (such as Ar 4 HF'*Y),

The influence of such preferential orientation has been considered in de-
tail by Altkorn and Zare for laser-induced fluorescence detection.”® Experimentally,
this requires use of a plane-polarized laser. Test measurements indicate that the
chemical laser polarization is preserved with respect to the laboratory frame (to
> 99%) as the periscope and bolometer detector are rotated together about the
collision zone. In principle therefore, molecular orientation effects ought to be ob-

servable using the present experimental configuration. In practice however, Altkorn
and Zare concluded that—in the strongly saturated limit—the detection sensitivity
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for most orientation distributions is only weakly dependent upon the laser polar-
ization. This conclusion is not strictly applicable to the present case, since our
detection scheme involves excitation but not emission. Specifically, the bolometer
intercepts molecules excited by the laser regardless of the direction in which they
will emit, effectively integrating over the emission anisotropy. This integration tends
to further reduce effects of the exciting laser’s polarization.

One other set of test measurements was conducted to assess the possible
role played by orientation effects in the inelastic scattering. If molecular orientation
occurs as a result of inclastic scattering, then the scattered HF would have excess
population in some mj levels. In this case, probing the final j' rotational state with
R;(j') and P(;') laser transitions would result in different populations if Eqn. (4-2)
is used to interpret the measured signals (Scc. 4.3.B). This difference is caused by
the plane-polarized laser output, implying a spectral selection rule of Am; = 0,350

Scattering measurements were performed for j' = 1 and j' = 2 using
both R- and P-branch laser excitation at four different scattering angles. The
measured Py(5') : Ry(j') population ratio obtained using Eqn. (4-2) was 1.09+0.02
for ;' = 1 and 1.09 £ 0.05 for j' = 2, with no discernable angular dependence. We
conclude that possible orientation of the scattered HF has an insignificant effect
on the present results (Sec. 4.3.B). Future measurements as a function of laser

polarization may allow more accurate determinations of such orientation effects,
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4.4 RESULTS and DISCUSSION
4.4.A Experimental Results

Differential cross section results for scattering angles ranging from 10°
70° with respect to the incident HF beam direction are reported in Table 4.3, and
displayed in Fig. 4.3. These are all calculated from the measured holometer signals

a8 described in Sec. 4.3.C, and are then normalized to the single reference intensity

state not included in the measurements is j' = 6, due to prolibitively low signal
to-noise ratios (Sec. 4.4.B). The lower rotational states (3’ < 2) have exeellent S/N
ratios, comparable to those of wide-angle clastic DCS measurements (albeit with
poorer angular resolution*®). Due to low signal levels and henee large proportional
error bars, a logarithmic plot for j' = 5 is not meaningful, and these measurements

are given only in tabular form.

Firstly, we observe strong forward scattering for all j'. In addition, a shoulder is
clearly evident for the )’ = 0 DCS in the 8 = 25° — 40° region. Also evident is an

j' = 2 and 3. Finally, the ;' = 4 and 5§ DCS’s exhibit minima for interiediate
scattering angles, and then increase for 6 > 40° and 8 > 70° respeetively. For
j' = 5, the latter statement relies on the integrity of the single measurement at
6 = 70°: all the ;' = 5 measurements shown in Table 4.3 for 20° < # < 60° are very
close to zero within our signal-to-noise ratio (average S/N =~ 1). Nevertheless, the
emergence of the DCS for @ = 70° above this noise level is clearly evident, with a

The present scattering experiments determine only the final rotational
state, while the initial state is given by the cooled distribution recorded in Tuble 4.2,
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Talie E;E Measured Differential Cross Seztiﬁafr;ng‘

Laboratory Scattering Angle

Final 7
State 10° 15° 20° 25° 30° 35°

' =0 13051 2885 1327 1070 100.0"
i'=1 28312 6089 2945 2061 1534 1184
i’ 8929 1819 1066 838 71.2 63.2
2912 721 521 410 381 349
64.7 136  10. - 8.8 -
1.5 - 0.5 - 3.0 -

L~
1]

~

T
- 3 L.
]
U T T

State  40°  45° 50° 60° 70° _ Error

j/=0 811 683 585 396 234 £ 5-10%
/=1 9719 899 763 641 545 % 5-10%
' =2 537 523 495 466 464 + 5-10%
i=3 402 373 386 293 31.7 £10-—20%

® Measured signals converted to rotational state populations, as discussed in Sec. 4.3.B.

b Reference angle and rotational state used for :;bit,r;ry normalization of populations as functions
of scattering angle and final rotational state j'.

¢ These statistical error bars are generally largest for the widest scattering angles. At the lowest
scattering angles (0 < 15°), there may also be systematic errors (Secs. 4.3.A and 4.4.C).

molecules/sec per quantum state impinging on the bolometer (see Ref. 29).
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possible rotational transitions, including one that is elastic. For example, the ;' =
2 measured DCS includes contributions from the j = 0,1—j' = 2 translation-
to-rotation cross sections, and the j > 3— 7' = 2 rotation-to-translation cross
sections, as well as the j = 2— ;' = 2 clastic cross section.

For the collision energy used for the present experiments, the elastic DCS
for mass combinations corresponding to HF +Ar is strongly peaked in the forward
direction.?”4% We may therefore expect that the low-angle DCS measurements are
heavily influenced by elastic scattering from the distribution of initial rotational
states in the incident beam (Table 4.2), at least for the low rotational states (' < 2).
Elastic scattering is much less evident for the higher rotational states, even for low
scattering angles, since they are initially present in much lower proportion. For
7' 2 3, the observed forward peak intensity relative to the wide-angle scattering is
much smaller than for ;' < 2.

In Fig. 4.4, we again present the scattering measurements, this time
in a manner emphasizing how the distribution amongst HF final rotational states

changes with the scattering angle. This figure shows, even for low scattering angles

altered by collision with the Ar crossed beam. This requires either that there are
substantial inelastic contributions even at low angles, or that the elastic DCS is
strongly dependent upon the initial rotational state.*' Conversely, the increasing
proportion of high rotational states (;' > 2) for wide scattering angles is almost
certainly due to predominantly inelastic scattering.

In common with many other systems, large rotational inelasticities are
most clearly evident at wide scattering angles.!* Classically, large-angle deflection
corresponds to scattering off the hard repulsive core of the potential energy (PE)
surface, which can impart significant torque and hence rotational excitation. If the
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wide-angle scattering into j' = 4 and 5 really does originate from j = 0, these
rotational inelasticities correspond to transferring very large fractions--42% and

64% respectively—of the available kinetic energy into rotation.

4.4.B Kinematic Transformations

Particularly for inelastic scattering it can be important to recalize that
the DCS, as measured in the laboratory frame, may be significantly distorted from
the DCS in the centre-of-mass (CM) frame. Since experimental DCS’s are often
compared to those calculated from proposed PE surfaces in the CM scattering
frame, we discuss such distortions in this section. We base our discussion on the
kinematic “Newton” diagram shown in Fig. 4.5. It is useful to note that, for the
present experimental conditions, the CM scattering angle fcy is related to the

laboratory angle 8,,, by a very simple rule-of-thumb:
Ocm > 1.5 6, (4-3)

over most of the range of &, and ;' states for which we have measured the DCS.
This rule-of-thumb deteriorates significantly only for ;' > 4 and 4, < 20°.

In addition to the angle transformation, the CM — lab intensity trans-
formation must be considered. These Jacobian factors become especially large for
laboratory scattering angles nearly tangent to the Newton circles. In this ex-
periment, the corresponding singularities can occur only for the highly inelastic
J = 0—j' = 6 transition, since we are detecting the light scattering partner (the
J = 0—j' = 5 transition falls just inside the lab origin in the figure).

The above discussion suggests that neither the angle nor the intensity
transformations drastically alter the shape of the measured DCS upon transfor-
mation into the CM frame. Before performing such transformations however, one
further complication must be recognized. Since the initial rotational state is not
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Figure 4.5: Inelastic Newton diagram showing all thermodynamically accessible rotational
transitions from an incident j = 0 state. Newton circles for j 7 0 may bn
estimated by interpolation. Molecular beam velocities correspond to those
listed in Table 4.1.
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specified precisely, neither is the inelasticity for whichever particular j' is being
detected. This implies that the Newton circle depends on the j state assumed to
give rise to the scattering. To quantify the effect of such an uncertainty, we perform
the lab — CM transformations separately under two independent assumptions: the
scattering originates from j = 0, or from j = 4. The latter assumption would over-
state the uncertainty associated with the transformations, since it is responsible for
< 4% of the initial HF rotors (Table 4.2).

The results of these two assumptions are shown in Fig. 4.6 for the j' =0
and j' = 4 measured DCS’s. It is readily apparent that the shape of the correspond-
ing CM-frame DCS’s is not affected by any reasonable choice for the initial rotational
state. The actual CM-frame DCS should lie somewhere in a band enclosed by the
DCS plotted for the j = 0 and j = 4 assumptions. It is apparent that both the
7' = 0 shoulder and the resurgence of wide-angle scattering into j' = 4 are not
kincmatic artifacts. The figure also demonstrates that the CM scattering angles at-
tained in the present experiments are rather large (6cy up to 110°), corresponding
to collisions governed mostly by the repulsive wall of the HF+Ar PE surface.

For quantitative comparison to theoretical scattering results in the CM
frame, the uncertainty caused by the experimental distribution of initial rotational
states may nevertheless be difficult to overcome. One notices that the CM-frame
DCS’s shown in Fig. 4.6 are reasonably parallel, but the steepness of the low-angle
scattering implies that Ocy is shifted significantly by the initial state selected for
the transformations. Consequently, we believe that the present experimental results
would best be compared to theoretical scattering calculations after transforming t

Iatter to the laboratory frame.
would involve separate transformations for each j— ' transition, followed by an av-
eraging procedure over beam velocities and angles that differs for each such j—;'.
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On the other hand, classical trajectory calculations could profitably use Monte
Carlo techniques to smnple the velocity and angle distributions, and then use these
to performn the CM — lab trausformation after integrating each individual trajece-
tory. Just such simulations are currently being performed.®! We remark here that,
for CM — lab transformations, only a single 8¢y can contribute to a given f,),, as
long as j' < 5. Conversely, Fig. 4.5 shows that, for low secattering angles and j' > j,
a given absolute value of 8y can contribute to two different 6,4, both of which
are positive,

Referring again to Fig. 4.5, it is apparent that the j = 0—)' = 6
DCS should be strougly enhanced at laboratory scattering angles near 6, ~ 10°
and 75°. Accordingly, we measured the scattering intensity at these two angles with
the laser tuned to j' = 6, but were unable to distinguish any signal above the noise

level. We conclude that the DCS into j' = 6 is therefore very small, at least near
1 Yy

4.4.C Comparison to Previous Results

Scattering studies for several rare-gas+hydrogen halide systems have
been performed in varying degrees of detail 2249=43 For HF 4 Ar, such measurcments
include the integral state-to-state rotational energy transfer cross sections of Barnes
et al.?® These measurements, except for the j = 1— 5’ = 0 cross section, were found
to be rather insensitive to the PE surface.?” Since we did not measure the state-
to-state DCS for all scattering angles, we cannot compare directly to the Barnes
et al. results. More recently, Vohralik, Miller, and Watts measured the HF +Ar
DCS under scattering conditions similar to ours, though their DCS was rotationally
unresolved.?” A comparison to these data is possible if we sum our results over all
7', for each laboratory scattering angle. Such a summation effectively removes our
rotational state sensitivity, at least for purposes of this comparison.
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Some manipulation of the Vohralik et al. DCS results is also necessary

for comparing to the present data. In particular, we must remove the Ar contriby

are totally insensitive to the scattered Ar. Secondly, we note that the bolometer
accomodation energy of ~ 430 meV assumed by Vohralik et el. almost ensures that
their DCS corresponds to scattered particle flux, as do the current wmeaswrements
(Sec. 4.3.B). Nevertheless, accounting for the aceeleration of (elastically) seattered
at G,, = 40° than at 10° for the Vohralik ¢t al. data. Thirdly, we adjust their
measured DCS to reflect our apparatus angular resolution, sinee it is wider than
for the Vohralik et al. measurc.nents. Finally, we normalize their results to onrs at
6.p = 30° for convenience. We note that the distribution of rotational states in the
incident HF beam is very similar for the two experiments.

The resulting comparison between the Vohralik et al. “total” DCS and
the present summation over rotationally resolved DCS's is shown in Fig. 4.7. The
gion (6, < 15°). We have already mentioned that our results for precisely these
scattering angles could be adversely affected by difficulties in background compen
sation and by imprecise determination of the HF beam centreline (See. 4.3, A). In
addition, the steep low-angle DCS renders our choice of apparatus angnlir resolu
tion used in convoluting the Vohralik et al. results particularly erueinl. It nppenrs
to us that any one of these three possible errors could account for 10 - 20% of the
discrepancy seen at f,;, = 10°, implying ¢ 1t at least two of the above errors lead to
systematic exaggeration of the present 1. “surements for 8., < 15°. These errors
are likely to be much lower for j' 2> 3 because the background populations in the
incident molecular beam are much lower, and because the DCS at low seattering
angles is much less steep. We remark here that since the Vohralik et al. data actu-
ally begin at 6,;, = 3°, it is unlikely that their results are systematically depressed

114



for 10° < 6.1, < 15°, unless they have grossly over-estimated the HF accomodation
energy upon the bolometer.

Even if the present results are indeed exaggerated for 6,, < 15° as
suggested above, the qualitative shape of the DCS measurements is unaltered for
each j'. Indeed, the present sumnmed DCS shifted by 0.9° would reproduce the
total Vohralik et al. DCS results alinost exactly. Despite the errors apparent in
the present measurements, we regard the agreement shown in Fig. 4.7 as quite
gratifying, given the nature of the experiments and the manipulations required for
comparing the corresponding results.

Detailed comparisons to spectroscopic results can only be made indi-
rectly, through scattering patterns calculated from various PE surfaces proposed

for HF+ Ar. Such comparisons will be the subject of future reports.®!

4.4.D Rainbow Scattering

For elastic atom+atom scattering in classical mechanics, rainbow struc-
ture in the DCS arises from an extremum in the deflection angle as a function of the
impact parameter. Since this minimum in the classical deflection function cannot
occur for any interaction that is purely repulsive, such “impact parameter” rainbows
have been used extensively to characterize weak van der Waals attractive minima for
many atom+atom interactions.®? In the present case of atom+diatom scattering, the
PE surface has one extra degree of freedom, assuming that we neglect the molecular
bond length. The dependence of the interaction potential upon the atom+molecule
orientation angle breaks the central field symmetry of the atom+atom case, allowing
the collision to exert a torque on the molecule and thereby inducing some rotational
inelasticity. The amount of this inelasticity may also exhibit extrema as a function
of the molecular orientation, giving rise to “rotational rainbow” scattering.®!? Ob-
viously such rainbows arise only for inelastic scattering (though an attractive well
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included is the j' = 0 state-resolved differential croas section demonstrating the
loss of structure encountered by :ummmg over j'. The vertical displscennent
is due to the population difference in j' = 0 relative to the total sumed

116



is not required in this case), whereas impact parameter rainbows may arise for both

inelastic and elastic scattering.'4!?

4.4.D.1 The DCS for j'=0

Iinpact parameter rainbows have been observed in total DCS measure-
ments for both HF4+Ar?? and HCl+Ar,4%4? as well as for HF+Xe.*! These DCS’s
all exhibited a shoulder, without complete resolution of the rainbow maximum [at
least not on a plot of I(8) vs. 8]. In all these cases, the angular position of the
rainbow was reasonably well predicted by assuming an effective spherical potential
for the HX+4Rg interaction, and using the approximation that OéM ~ i% where ¢
is the attractive well depth and E,4 is the collision energy.®3

For a collision energy just 17% higher than ours, Vohralik et al. an-
ticipated a rainbow angle of ~ 7° in the laboratory scattering frame using the
spherically averaged ¢ for HF+Ar, very close to their observed rainbow at 5.5°.27
These scattering angles are too close to the incident HF beam to be ohserved in
the present experiments. They are also much too low to account for the shoulder
observed in the present j' = 0 DCS in the 8 =~ 25° — 40° region (Fig. 4.3). Even
using € = 26.5meV,'?37 the absolute minimum of the PE surface,'* the rainbow
is predicted to occur at OéM ~ 25°. This is equivalent to only 17° in the labo-
ratory scattering frame. It therefore appears that the j/ = 0 shoulder cannot be
explained as an impact parameter rainbow, at least not one based on any reasonable
spherically symmetric potential.

For better visualization of impact parameter rainbows, the scattering
data are sometimes plotted as I(#)-sin @ vs. 8, where I(0) is the DCS. The minimum
displayed in the j' = 0 cross section in Fig. 4.7 is obviously on the high scattering
angle side of the impact parameter rainbow, since the ordinate must vanish as
0 — 0° due to the sin § weighting. Conversely, the 1(0) - sin § vs. 8 plot for our data
summed over j' is completely flat for § > 25°, demonstrating the increased structure
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observable by resolving the rotational state of the seattered HF. The exaggerated
angular dependence for the ;' = 0 data shown in Fig. 4.7 reveals o prominent
maximum around 6, > 35°. This feature is somewhat reminiscent of the “hamp”
at 20° described by Buck and Schleusener*? for their measurements of the HCLy Ar
total DCS, but is much more prominent in the present j' = 0 results. So far as we
know, this hump or shoulder has not yet been attributed to any specifie feature of
the PE surface, nor has it been labelled as any kind of a rainbow.

Early calculations performed by Buck and McGuire*! for rotationally
faces for HCl4+Ar. Only model surfaces could be considered, since even the global
topology characterizing the HCl+Ar surface was not known with assuranee until
two years later.®**® Consequently, the model surfaces were constructed with their
absolute minima lying (a) nearly perpendicular to the HCl molecular axis, and along,
it in either the linear (b) Ar- - CIH or (¢) Ar - - - HCI configuration. The ealeulations
showed the hump appearing most prominently for model potential (¢), precisely the
one now known to be correct.?%(®) Indeed, Buck and McGuire adjusted their medel
PE surface for qualitative agrecment** with the total DCS measured by Farrar
and Lee,*® and obtained (12 years earlier!) a well depth anisotropy qualitatively
agreeing with Hutson's most accurate HCl4Ar PE surface.20(*)

The above discussion suggests that the j' = 0 shoulder for HF + Ar may
contain useful information on the attractive anisotropy of the HF 4 Ar PE surface.
We note that the shoulder is much more evident in the present experiments (it is
just as prominent as the low-angle oscillation shown in Fig. 1 of Ref. 42), which also
attain a higher degree of rotational state specificity than the HCI+Ar totul DCS
data.*?42 On the other hand, the HF+Ar attractive anisotropy is alrendy known

much more accurately from detailed spectroscopic analysis'®? than seattering ex-
periments are likely to provide for quite some time. Thus, the real utility of the
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shoulder observed for j' = 0 probably lies in whatever sensitivity it has to the
interplay between attractive and repulsive regions of the HF+ Ar PE surface.

We also remark on the importance of realizing that some proportion
of the observed DCS is caused by rotational de-excitation into j' = 0, since the
incident beam has a significant population of 3 = 1 rotors. In this context, it is
again interesting to note that the j = 1— ;' = 0 integral cross section appears to

be particularly sensitive to attractive regions of the PE surface.?®

4.4.D.2 The DCS for j' >4

As j' increases, the DCS’s displayed in Fig. 4.3 exhibit progressively
weaker forward intensity relative to the wide-angle scattering. By the time we
reach j' = 4, we see a rather small forward peak, and then a virtual disappearance
of signal in the @ = 20° — 30° region. Finally the signal “re-appears” for 8 > 40°,
and then monotonically increases up to our maximum attainable scattering angle.
For j' = 5, we cannot even see the signal at intermediate scattering angles, and
it “re-appears” only for much wider scattering angles of > 70°, corresponding to
6cm > 110°. It is therefore reasonable to suggest that such “hard” collisions sample
the repulsive wall of the potential as if its attractive components hardly matter.

Under conditions of scattering off purely repulsive PE surfaces, rota-
tional rainbows appear with the following typical characteristics: (a) they : re “dark”
on the low-angle side of the rainbow, i.e., there is less intensity for scattering below
the rainbow angle; and (b) the rainbow shifts to higher scattering angles as the
rotational inelasticity increases!®!7 (the former behaviour is in contradistinction to
impact parameter rainbows, which are “bright”—more intense—on the low-angle
these two characteristics of rotational rainbows are precisely those observed for the
J'=4-5DCS'.
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Rotational rainbows have been shown to provide direct probes for the
repulsive core anisotropy of the PE surface, and have often been suceessfully md-
eled by assuming a rigid ellipsoid to characterize the surface.! This assumption
might also work for HF+Ar in collisions producing large j/, thus avoiding effects
due to attractive regions of the PE surface. Unfortunately for the present diseus:
sion, these models are usually based on the infinite-order sudden approximation
(IOSA) in which rotational energy levels are approximated as being degenerate 7
Such an approximation is unlikely to be quantitatively accurate for seattering of
HF,*" with its large rotational constant. This is especially true for the j* . 4 - 5
states being considered, since the difference between them constitutes 21% of the
collision energy for the present experiments. Although we have not yet attempted
to model the wide-angle features observed in the j' = 4 — § DCS's, we note that the
appearance of rotational rainbows is not limited to I0SA theory. Rainbow strue
ture is also evident for close-coupling and coupled-states calculations, appearing for
example in both inelastic and elastic channels for HF +Ar.?’

Modifications to rainbow structure in the presence of an attractive well
have so far'® only been studied using model systems and classical'™™ and/or

sudden®® approximations. Although quantal effects can significantly distort the
PP | y

calculations show just the type of behaviour being observed experimentally, namely:
“bright. . .dark” impact parameter rainbows for low j', then a flattening of the DCS
as j' increases, followed finally by “dark. . .bright” rotational rainbows for high 3'.'7
The results strongly suggest that the features scen for j' = 4-5 are indeed rotational
rainbows, and that they provide rather direct probes for the repulsive regions of the
HF+Ar PE surface.
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4.3 SUMMARY and CONCLUSIONS

This work presents measurements for HF+Ar scattering into specific
rotational states of the HF as a function of the scattering angle. The rotational
distribution in the incident HF beam (i.e., before scattering) is cooled by supersonic
jet expansion, and resides mostly in j = 0 and 1. For the particular laser+bolometer
detection scheme used, the scattering signals are analyzed to yield final rotational
state-resolved differential cross sections (DCS). The most interesting features of the
results are discussed in terms of:

(a) Strong forward scattering for all rotational states, though decreasing
in prominence as j' increases. This is probably due mostly to elastic
scattering;

(b) A broad shoulder in the j' = 0 DCS in the 25° — 40° region, perhaps

for HF 4+ Ar;

(c) Significant scattering at the highest scattering angles accessible in the
present experiments, equivalent to ~ 110° in the centre-of-mass scatter-
ing frame; and

(d) Rotational rainbow structure for the highly inelastic transitions into
j' = 4 and 5. These transitions correspond to transferring into rotation
up to 42% and 64% respectively, of the available kinetic energy.

Concerted attempts to detect scattering into j' = 6, the maximum rotational state
thermodynamically attainable, proved unsuccessful. This was despite potentially
large kinematic enhancements near the laboratory-frame scattering angles at which
these attempts were made. Conversely, kinematic distortion of the results is shown
to be minor for the j' < 5 results, and the features (b) and (d) enumerated above
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The state-resolved results are summed for comparison to the recent mea
surements of a rotationally unresolved HF+Ar DCS reported by Vohralik, Miller,
and Watts.?” The agreement is excellent except for 10° and 15°, the two lowest
scattering angles included in the present measurements. The disagreement appears
to be caused by some combination of high background near our rather wide HF
beam, and to difficulties we encounter in directly comparing the two sets of exper-
imental results. Nevertheless, agreement at 10° and 15° would be almost perfoet
a shift would not disturb the excellent agreement for any of the other scattering
angles. Accordingly, we place an uncertainty of £1° on the angular seale for the
forward scattering peak in the present results. This error becomes insignificant for
scattering angles beyond 15°, due to the much flatter appearance of the wide-angle
DCS.

Currently underway are experiments with the HF beam seeded in He,
yielding higher collision energies (~ 330meV) and co-incidentally also conling the
initial rotational distribution somewhat.?***® These experiments should allow fur-

ther insights regardin

the influence of the attractive well on the scattering. We are

also conducting model scattering calculations in order to elucidate the dependence
of the observed features on regions of the HF +Ar potential encrgy surfuce.®!

It is readily apparent that the present results would provide an even
more useful probe of the HF+Ar potential energy surface if the initial population
distribution could be prepared with higher rotational state purity. Such state-to-

iments may be achievable by using a second laser to pump the incident

HF beam to a specific j state within v = 1 before the collision zone. Rotationally in-

elastic scattering would then occur within the v = 1 vibrational state, and the probe
laser would be tuned to an R;y(;5') or P3(j') transition. Since the optical transitions
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signal intensity. Indeed, this type of arrangement-—similar to the optical pumping
experiments of Bergmann™ and Pritchard and Kinsey” and their co-workers —
may simultaneously allow state-to-state DCS measurements for scattering from the
depleted rotational state within v = 0, provided that vibrational-to-translational

energy transfer cross sections are small.3?
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CHAPTER 5

QUANTUM EFFECTS in the INELASTIC SCATTERING of
HF and DF by ARGON!

Intermolecular potential energy (PE) surfaces for atom § dintom
van der Waals interactions are usually probed by cither spectroscopic or seattering
techniques. Dramatic improvements to the PE surface around the equilibrivan geom:
etry of bound complexes! are being achieved as spectroscopice studies attain higher
resolution,? while state-to-state scattering serves a complementary role in charneter
izing PE surfaces with hardly any attraction at all. For the weakly anisotropic and
weakly attractive hydrogen-rare gas systems, it has been possible to charncterize
both attractive and repulsive regions sitnultancously.

For more strongly attractive PE surfaces, scattering measurements have
not yet combined high precision with simultancous resolution of rotational inelns-
ticities. =7 Interactions on attractive PE surfaces are expected to exhibit features
typical both of attractive systems (e.g., the impact parameter rainbows fiumilinr
from atom+atom scattering), and of repulsive systems (e.g., rotational rainbow
structure).® Scattering studies of such interactions are then particularly important?
in elucidating the balance'® between attractive and repulsive forces during collisions
that induce energy transfer.

This chapter compares exact quantum close-coupling (CC), infinite or-
der sudden (IOS) approximation, and classical trajectory (CT) scattering caleu-

lations with previous measurements of the rotationally-resolved differential eross

T ———
L.J.Rawluk, M. Keil, M. H. Alexander, H. R. Mayne and J. J. C. Barrett,
Chem. Phys. Lett. 203, 291 (1993).
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section (DCS) for crossed-beam scattering of HF by Ar.!! Earlier measurements
of the total (s.e., rotationally unresolved) DCS!? correspond to summing over the
final rotational state of the scattered HF, which completely obscures the prominent
quantal structure that appears in the rotationally-resolved scattering data.

This structure is most apparent in the elastic and weakly-inelastic DCS’s
originating in j = 0. Corresponding ncither to diffraction oscillations*'” nor to
rotational rainbows,313:1 this structure is due to novel interference effects in ro-
tationally inelastic scattering. The CC calculations also show particular sensitivity
to isotopic substitution of HF by DF. Finally, the scattering measurements com-
plement extensive and very detailed spectroscopic data for the strongly anisotropic

attractive well of the HF+Ar PE surface,! and may be useful in improving its

repulsive wall.



5.2 APPARATUS and CALCULATIONS

The crossed molecular beams apparatus and experimental paranwters
used to measure DCS’s for HF scattered by Ar are described elsewhere in detail 't 13
Both the atomic and molecular beams are supersonie: most of the incident HF
beam is cooled into the j = 0 and j = 1 rotational states, with rapidly diminishing
populations up to j = 5. The collision energy is 120 meV; the distribution of collision
all instrumental parameters. Beam angular divergences are 3°, as is the detector
acceptance angle. The rotational state of the scattered HF is resolved by chemical
laser excitation!®'!” between the scattering zone and a rotatible liquid He cooled
bolometer detector.

To compare signals measured for rotationally state-resolved inelastic
scattering!! to corresponding calculated DCS's, four different PE surfaces for
the HF +Ar interaction proposed in the recent literature are used (displayed in Fig:
ure 5.1). Three of these potentials are based primarily on spectroscopic observations
of the HFeAr van der Waals complex.!'!*'!® The fourth is based on Hartree Fock

spectroscopic observations.? The most recent and detailed of these four PE surfaces
is Hutson's H6(4,3,2) potential' (abbreviated hereafter as “HG").

State-to-state DCS’s for collisions of Ar with the closed-shell HF
molecule are generated in the center-of-mass frame using fully-converged CC
calculations.?! For each initial rotational level j (0 < j < 5), four different col-
lision energies are required to properly average over the beam velocity and angular
distributions. This necessitates calculations at 24 different total energies in the
range of 82 — 242meV. In all cases the number of rotational levels included in
the channel expansion include one (and at the lower energies, two) energetically
inaccessible levels. For convergence of the elastic cross sections in the forward di-
rection, it is necessary to determine scattering S matrices at up to 400 values of the
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total angular momentum J. All calculations are carried out using the Higripoy
scattering package.??

State-to-state DCS's for the HF +Ar systemn are also ealeulated in the
center-of-mass frame using the 10S approximation.?* Four different energies are
required to properly average over beam velocities and angular distribution. Two

'

rotational levels above the energetic limit were included in inclastic 0 " eross

section summations.

to 60° and every 1° thereafter, are subsequently transformed to the lnboratory frame

and summed over the initial rotational states weighted by the measured rotational

population.!! This procedure properly reproduces the experimental conditions of
detecting one particular HF rotational state after the collision. To account for
the arbitrary intensity scale of the measurements, the experimental and calenlnted

DCS’s are normalized to one another using a single scaling factor, common to all

final rotational states j'.

Additional CC calculations are performed for state to-state transitions,
without energy averaging and without direct reference to the experimental mensure
ments. These DCS’s exhibit quantum diffraction oscillations having a 1° angular
frequency, which could be observed only with a high-resolution apparatus.” By av-

eraging over a 2° angular window, these rapid oscillations in the ealeulated DCS's

are removed to avoid obscuring the broad features that might be observable in fu-

nearest integer value.?* To obtain the DCS, variable angular bin sizes are chosen
so that the relative error in each bin is roughly the same. Also, isotope cffects

for the CC calculations are examined by substituting DF for HF. All state to-state
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calculations are conducted at a single fixed collision energy of 135meV on the HG
PE surface.! Finally, a series of analytical modifications to the H6 PE surface are in-
corporated to help understand which parts of the PE surface most strongly influence

the state-to-state DCS’s.
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5.3 RESULTS and DISCUSSION
5.3.A Laboratory Frame

There is a clear trend in the experimental data that is believed 1o be of
fundamental significance in the scattering of a rigid-rotor by a structurcless particle,
The j' = 0 DCS has a strong forward peak followed by a shoulder at intermedinte
angles, and a fall in intensity at high angles. Through j' = 1,2, aud 3 we see the
forward peak declining, and the wide angle DCS flattens ont. The ' - 4 and 5
DCS’s show declining forward intensity and both display minima at 6, = 20 - 30°,
followed by a resurgence of signal at wide seattering angles. Understanding this
pattern will be the focus of the remainder of this chapter,

Table 5.1 provides a statistical overview for the ability of several PE sur-
faces to reproduce the experimental measurcments using two different calenlational
techniques. The CC results are clearly better than the [0S, and the best PE surface
is Hutson’s H6 potential.! Figures 5.2a - 5.2d present a visual comparison of the
experimentally measured DCS's to those calculated via the CC technigue for all
four potentials. Note that though the CC calculations reproduce several prominent
features of the experiment, agreement is not quantitative everywhere,

The origin of each potential may, in part, explain its ability to repro-
duce the experimental observations: the HG PE surface (Figure 5.2a) is obtained
by doing a simultaneous multiproperty fit of several different spectroscopic proper-
ties, namely vibrational frequencies, rotational and centrifugal distortion constants,
dipole moments, and spin-spin coupling constants. The repulsive wall slope is de-
termined from &b initio calculations,'? and is adjusted to smoothly join with the
potential in the attractive well. This large data set is most likely the reason why it
is best at reproducing the present scattering results. The M5!* PE surface is the
poorest at regenerating the experimental features (Figure 5.2b). Most likely, this ob-
servation goes hand-in-hand with the fact that the M5 surface is obtained by fitting
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Table 5.1. Potential Energy Surfaces and their Predictive Quality for
the DCS'.

Reference 1 19 2

cc & 2.4 3.0 3.9 7.8
CC b wfo j' =0*" 2.0 1.8 2.7 4.9
10S 6 6.7 9.1 8.8 6.5
Arys (A)? 0.13 0.08 0.14 0.29

Ar, (A) 0.15 0.09 0.20 0.35

* A weighted, dimensionless measure of predictive quality discussed in Ref. 15;

error bars,
b Calculated without including the experimental data for the j'=0 DCS.
¢ Calculated using the experimental error in j'=0,1, and 2 DCS’s only. This limited

data set is necessary for the purpose of comparison since inclusion of all (0 < ;' <
5) DCS’s in the fitting procedure results in an overly large, and thus numerically
indistinguishable, fitting quality é for each PE surface.

4 Change in position of the repulsive wall from the 0° orientation (corresponding
to Ar---HF) to 90°, or to 180°, at a potential energy of 100 meV.
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HF « Ar expt/CC DCS’s on H6 PES
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Figure §.2a. Experimental differential croes section measurements from Ref. 11 as functions
of the laboratory scattering angle #),, and the final HF rotational state j'.
The curves for all j' are generated from the close-coupling calculations for the
H¢ PE surface’.
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HF + Ar expt/CC DCS'’s on MS PES
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Figure 5.2b. Experimental differential cross section messurements from Ref. 11 as functions
deMmmwﬁﬁﬂhMHFmﬂmﬂm;
The curves for all 5 are generated from the close-coupling calculations for the
M3 PE surface'®.
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Figure 5.3¢c. Experimental differential cross section measurements from Ref. ll—fundms
d&ewymm“m;hﬁ“mddﬂﬁndHqummdm; The
curves for all §' are generated from the close-coupling calculations for the RKR
PE surface'®.
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HF + Ar expt/CC DCS’s on FFD PES
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Figure 5.2d. Experimental differential cross section measurements from Ref. 11 as functions
dlhhhnr;lnrymlmlnghﬁnlndﬂnﬂndﬂi'mnmdm;
The curves for all j' are generated from the close coupling calculations for the
HFD PE surface™.
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a general potential energy function (the Maitland-Smith parameterization®?#%) 1o a
small experimental data set sensitive exclusively to the absolute Ar-- - HF potential
well minimum (i.e., molecular beam rotational spectra of the HFeAr van der Waals
molecule??),

The RKR'? (Figure 5.2c) and HFD?® (Figure 5.2d) potentials both fail
to accurately reproduce the measured DCS for scattering into j' = 0, even though
they are experimentally indistinguishable from the H6 results for DCS's into §* ~ 0.
On the other hand, if one only considers the limited circumstance of j' > 0 DCS's,
the RKR PE surface most accurately reproduces the experimental measurements
(Table 5.1).

The RKR PE surface was determined by studying the infrared absorp
tion spectroscopy of the HFeAr van der Waals molecule with the HF moleenle in
the v = 1 vibrational state. Inversion of this data gave the potential well shape
near the minimum as a Legendre expansion up to the Py term. The long range
attraction is represented by a simple r =% term, and the repulsive wall is given by
¢~°" which is spliced to the inner branch inversion data. The fact that this potential
was developed with HF in the v = 1 vibrational state lends itself to questioning the
reliability of scattering calculations where the HF is in v = 0. To answer this ques-
tion, additional CC calculations using Hutson's H6 vibrationally excited (vyy = 1)
PE surface! were carried out. The calculations suggest only modest changes, con-
fined to 6y, > 30°, would result if the RKR (vyr = 1) potential could be adjusted
for scattering of ground-state HF (Figure 5.3). It is also noted that treatment of the
HF as a rigid rotor or as having zero point vibrational energy makes little difference
to the scattering calculations since all vibrational channels are energetically closed
under the experimental scattering conditions.??

The poorer agreement obtained for DCS's calculated using the HFD
potential may reflect its origin. The repulsive wall is obtained from Hartree-Fock
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I-F(u 0) + Ar vS. H:(y 1) Ar CC DCS'’s on HE F’ES
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Figure 5.3. CC DCS’s on the H8 PE surface’ for HF in » = 0 (dash-dotted line) versus
the same calculation, but with HF in » = 1 (dashed line). Note the marginal
differences in the DCS's restricted to wide angle scattering only.
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self-consistant-field calculations, while the attractive well is a two center dispersion
series. The potential was used to calculate a set of spectroscopie constants obtained
from molecular beam rotational spectrn,?” and the lack of agreement was corrected
by arbitrarily adjusting the dispersion cocflicients by 27% to provide the hest it
to the rotational spectra data. This limited data set most likely vesults in g less
accurately characterized PE surface,

Figures 5.4a - 5.4d compare the measured DCS's to those caleulated by
the I0S method using the same four potentials. The calenlations are particularily
poor in quantitatively or even qualitatively reproducing the most prominent exper
imental features such as the shoulder at ~ 30° for j' = 0 or the resurgenee of signal
at large angles for j' = 4 and 5. All PE surfaces fit the experimental data very
poorly, and a non-lincar least-squares fit of an arbitrary sealing factor nsed to ad
just the calculated results to the experimental data demonstrates that an inversion
in fitting quality has occured with the M5 PE surface most accurately agreeing with
experiment (Table 5.1). Most likely this is the result of it being the only surface
that generates a shoulder in the j' = 0 10S calenlation. Also, only ;' - 0,1,2
were included in the least-squares fitting algorithm, even though it readily appears
that the M5 PE surface would also provide the best fit to the high j* data. The

descrepancy between experiment and caleulation if all 3’ are included in the titting,

in the fitting quality 6, and therefore, the results in Table 5.1 are obtained with a
truncated experimental data set to allow for at least a cursory evalution of the qual
ity of the PE surfaces. Further discussion of final rotational state resolved 10SA
DCS's is limited due to the relative inability to reproduce experimental features,
Returning to the discussion of the close-coupling results, it is evident
when decomposing the rotational state summed CC DCS’s into their state to-state
contributions that an odd situation arises in the j' = 0 and ;' = 1 plots in Figure 5.5.
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Figure 5.4a. Experimental differential cross section measurements from Ref. 11 as functions
of the Itbontory scattering angle #,,,, and the final HF rotational state j'. The
curves for all ' are generated from the infinite order sudden approximation
calculations for the H8 PE surface’.
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HF «+ Ar expt/IOS DCS’s on M5 PES
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Figure 5.4b. Experimental differential cross section measurements from Hef. 1] as functions
of the lubontory scattering angle 6, and the final HF rotational suate j'. The
curves for all ' are generated from the infinite order sudden approximation
calculations for the M5 PE surface'®.
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Figure 5.4c. Experimental differential cross section measurements from Ref. 11 as functions
of the lsboratory scattering angle §;,, and the final HF rotational state j'. The
curves for all j' are generated from the infinite order sudden approximation
calculations for the RKR PE surface'®.
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HF + Ar expt/I0OS DCS’s on HFD PES
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Figure 5.4d. Experimental differential cross section mecasurements from Hef. 11 as fum'l s
of the laboutory scattering angle 8;,,, and the final HF rotational state ;' The
curves for all j' are generated from the infinite order sudden approximation
calculations for the HFD PE surface’
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The elastic contributor (1e., 7 =0 — 3’  =0o0rj =1 — ;' = 1) and the first
slightly inelastic contributor (ie., j =1 = j' =0or j = 0 — j' = 1) have
a reciprocal relationship in their percentage of the final state-summed DCS. This
unusual behavior, plus the fact that the j' = 0 DCS 15 composed almost exclusively
ofthe j =0 = 3’ =0and j =1 — j' = 0 state-to-state DCS’s, directs one to
examine these state-to-state DCS’s in more detail in order to attempt to uncover
the reason for the shoulder in the j' = 0 state-summed DCS. This point will be
further discussed in Seetion 5.3.B.

Figure 5.5 also shows that the small angle scattering for j' > 2 is almost
exclusively elastic scattering, and much of the j' < 2 scattering is clastic at all an-
gles. As angle and/or ;' increases, the proportion of inelastic scattering also steadily
increases. This type of behaviour is typical of rotational rainbow scattering from the
repulsive potential core.'3 Previous experimental observations have been restricted
to systems with only weakly attractive PE surfaces,® unlike the HF +Ar potential,
while calculational studies!®:!* have exhibited rotational rainbow scattering even
on strongly attractive PE surfaces.

Summing over the experimental state-summed differential cross sections
gives the total differential cross section. Vohralik et al.!? have measured the total
DCS for HF+Ar scattering using only a bolometer (energy flux) detector (i.e.,
without laser-based rotational state sensitivity). This reported DCS contains con-
tributions from Ar scattering (found to be approximately linear with angle) and is
uncorrected for the changing kinetic energy of HF as a function of angle. After re-
moving the Ar contribution and any artificial increase in signal due to the kinematic
increase in HF velocity, the Vohralik et al. data is cosine squared angle averaged
over a 3.11° window to compare to the experimental averaging in our experiments.
The results are presented in Figure 5.6. The excellent agreement between the two
different techniques is testimony to the accuracy of each laboratory, however for
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Left panel: state-to-state close-coupling laboratory frame differential cross sev-
tions (DCS) for transitions out of all possible initial j and into the experi-
mentally detected final j'. Right panel: the percentage compusition of each
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low angle scattering (i.¢., 10°) there is a slight difference in the DCS's (Figure 5.6).
An angular shift of ~ —0.9° is required to move the DCS of this lab into perfeet
agreement with the Vohralik et al. DCS. This discrepancy is taken to be the error
is considerably narrower.

It is possible calculate the total differential cross section using all four
potentials and both the CC and I0€ calculational methods. The results are pre
sented in Figures 5.7 and 5.8. Two immediate conclusions are drawn: the removal
of final rotational state specificity diminishes the value of doing more complex (¢
calculations versus the relatively easy 10S approximation. Indeed, based on Fig
ures 5.7 and 5.8 one may even suggest that the 10S calculations are botter than the
exact quantum CC results, which is clearly unanticipated considering the premise
on which the IOS calculation is constructed (Section 1.4.B). The second observa:
tion is that the total DCS cannot distinguish between the different PE surfaces with
regards to which is most useful for scattering calculations. Thus, knowing the final
rotational state of the scattered HF molecules is necessary in analyzing the merits

of the various potentials in the literature.
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Close-coupling total DCS's
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5.3.A.1 Conclusion from Laboratory Frame Results

The results of Figures 5.2a - 5.2d and Table 5.1 verify that the Ho

tial scattering calculations. Because of its mainly spectroscopic origin, it - largely
insensitive to the repulsive anisotropy, and needs some modifieation to repioduee
the j' = 4 and j' = 5 rotational rainbows. For example, the H6 potential prediets
a minimum in the j' = 4 DCS only half as deep as that observed experimen
tally. In contrast, the strongest rotational rainbows calculated oceur nsing the M5
potential,'® (Figure 5.2) which also has the most anisotropic repulsive wall (Ta
ble 5.1). This suggests that somewhat stronger repulsive anisotropy in the HG

potential would improve its agreement with the experimental results,



5.3.B Center-of-Mass Frame

The rotational rainbow feature of the experimental DCS’s can be readily
confirmed by looking at the caleulational results presented in the laboratory frame
(Seetion 5.3.A). The origin of the shoulder experimentally observed near 6y, = 30°
in the j' = 0 DCS is not so casily addressed, and bears further investigation to
gain understanding as to its origin. To avoid any complications that may arise from
kinematie transformations, it is best to study the j° = 0 shoulder by looking at
caleulational results in the center of mass reference frame,

It has already been shown in Seetion 4.4.D.1 that this shoulder cannot
be explained as an impact parameter rainhow, familiar from atom+atom elastic
scattering and observed at 8y, = 5.5°.12 Since the H6 potential gives the best fit
to the experiment, and in particular since it is the only PE surface to reproduce
the observed shoulder ¢ is used for all the investigative dynamical ealculations
presented below.

For DCS’s scattered into j' = 0, Figure 5.5 shows that > 95% of the
observed signel is due to the j = 0 — j' = 0 and j = 1 — j' = 0 state-to-state
transitions. Hence, the observed shoulder must be due to features appearing in these
two DCS’s. To simplify further investigation of these two DCS’s, the j =0 — ;' =1
inclastic DCS is calculated instead of the j =1 — j' = 0 DCS. The former is more
convenient for the classical trajectories (CT) studies since a single set of trajectories
provides the probability of transitions from a given initial rotational state to all

]

final cotational states. (i.e., Studying j =0 — ' =0andj =1 — j

]
<

waould require two calculational -uns, whereas both the j =0 — ;' =0 and j =
0 — j' =1 DCS’s are obtained from the same initial conditions, which saves
both time and effort.) Also, the rotational to translational energy transition in the
j =1 — j' = 0 event is relatively improbable in comparison to the translational

to rotational transition in the j = 0 — j' = 1 event (approximately one-third as
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wotild have to be run to get meaningful statisties for the former inelastie transition.
The close-coupling calculations at a single energy are sufliciently fast to allow one
to readily calculate any desired DCS.

Any question that the j =1 — ' =0and j -0+ ' ] eross
sections do not represent the same information can be casily answered by realizing
their close relation throngh microscopic reversibilility. The two eross sections are
calculated at the same relative translational energy and therefore nearly the siane
total energy. Their relative magnitude is related by their rotational degene: ey
factors,?? and these DCS's should be in a 1:3 ratio over the entire anglnlie rangee.
Table 5.2 shows this comparison at one of the studied energies,

To further simplify the analysis, the caleulations are not transformed to

tion. However, a 2° angle averaging over a cosine squared profile is applied to remove

rapid quantum oscillations. Study of the j =0 — j' =0and the ;0 ) ]

collision energy of 135 meV. This is not exactly the average energy of the collision,
but it iz one of four energies which is used for experimental averaging and is thus
convenient choice.

Figure 5.9 displays CC, 10S and CT results for these two DCS's,
The CC results show the shoulder in the 7 = 0 — ;' = 0 DCS, and at the sime
angle the j = 0 — j = 1 DCS shows a prominent winimmn. In strong contrast,
a shoulder or a minimum. The conclusion garnered is that these features nnst e
quantum mechanical in nature. The interest in this phenomenon is that experimen
tally this feature is observed, (i.e., the shoulder in the ;' = 0 lab-friune DCS), but
for such a heavy collision system (reduced mass 13.3 amu), one wonld expeet ouly
classical effects to be observable (Section 4.3.A).
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Table 5.2. j=1—j =0DCS /j=0—; =1DCS at 135 meV.

Angle | Ratio I] Angle | Ratio || Angle | Ratio || Angle | Rat.o || Angle | Ratio
0 0.350 | 37 0.326 || 73 0.390 || 109 0.344 |1 145 0.327
1 0.345 {1 38 0.325 /1 74 0.391 j 110 0.343 | 146 0.328
2 0.344 || 39 0.323 || 75 0.390 || 111 0.341 || 147 0.329
3 0.369 j 40 0.321 || 76 0.387 || 112 0.340 f 148 0.330
4 0.386 |1 41 0319 || 77 0.386 |1 113 0.340 || 149 0.332
5 0.38] || 42 0.317 || 78 0.383 fj114 0.339 {150 0.333
] 0.373 143 0.315 || 79 0.382 | 115 0.339 | 151 0.333
7 0.365 | 44 0.314 || 80 0.38]1 || 116 0.338 || 152 0.333
8 0.355 |1 45 0.311 || 81 0.379 || 117 0.338 |i 153 0.334
9 0.350 || 46 0.307 || 82 0.376 || 118 0.338 J1 154 0.334
10 0.341 147 0.303 || 83 0372 || 119 0.337 || 155 0.335
11 0.337 || 48 0.300 || 84 0.369 || 120 0.336 j 156 0.336
12 0.331 #49 0.297 |1 85 0.368 | 121 0.336 || 157 0.336
13 0.325 || 50 0.295 || 86 0.366 || 122 0.335 || 158 0.334
14 0.325 |1 51 0.294 || 87 0.362 [ 123 0.334 {1 159 0.333
15 0.316 p 52 0.293 |i 88 0.358 | 124 0.333 || 160 0.332
16 0.320 § 53 0.294 || 89 0.356 {| 125 0.332 {161 0.332
17 0314 |} 54 0.298 || 90 0.355 || 126 0.330 || 162 0.331
18 0.316 j 55 0.304 || 91 0.353 || 127 0.328 | 163 0.331
19 0.317 jj 56 0312 |} 92 0.351 || 128 0.326 || 164 0.331
20 0.316 § 57 0322 |1 93 0.352 || 129 0.326 | 165 0.329
21 0.323 j1 58 0.335 || 94 0.353 || 130 0.324 | 166 0.328
22 0.319 359 0.346 | 95 0.354 | 131 0.322 || 187 0.329
23 0.327 0.353 || 96 0.355 [}132 |0.320 168 |0.328
24 0.325 0.359 || 97 0.356 |1 133 0.317 || 169 0.323
25 0.329 0.368 | 98 0.357 134 |0.316 jj170 ]0.321
26 0.329 § 63 0374 || 99 0360 1135 [0.316 [|171 0.326
27 0.330 § 64 0.378 § 100 0.361 |1 136 0317 §172 0.332
28 0.332 0.379 § 101 0.361 1137 0316 173 |0.331
29 0.330 0379 [102 |0.360 ||138 |0.317 [J174 |0.326
30 0.333 j 67 0378 {103 |0.359 139 [0.320 175 ]0.326
3 0.320 68 0378 104 [0.356 140 |0.321 176 |0.324
32 0.331 0.381 f105 |0.352 [j141 |0.322 177 10.317
33 0.329 0385 (106 [0.349 [|142 0323 }|178 0.311
M 0.329 0.388 1107 |0.346 [|143 |0.323 [|179 |0.303
a5 0.328 0.389 {108 ]0.344 [{144 [0.324 [|180 |0.298
k) 0.327

Average ratio of differential cross sections is 0.339 1 0.023. Note that this
ratio is calculated after a 2° angular averaging removes the rapid quantum

oscillations.
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inelastic j = 0 — j’ = 1 scattering. The curves present the thearetical results
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jectory results appear as heavy bars whose height indicates the assowiated 1o
statistical error. No energy averaging is performed, but a 2°- wide uugnlar
average is applied to all the quantum results to smooth out diffraction oseilla
tions. Lab- and cm-frame scattering angles are related by 8,,, =~ 1.5 2§,
over most of the angular range. All calculations are conducted using the 6
potential of Ref. 1 at a collision energy of 135 meV.
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The new structures shown in Figure 5.9 are not consistent with rainbows
seen in previous experiments® or caleulations,' ' The HF +Ar PE surface, with
deep wells in both the Ar---HF and Ar. .- FH collinear geometries, represents a
qualitatively different type of potential than those analyzed previously. If the new
features were due to a resonance, then they should be sharp functions of the collision
energy. It would be fortuitous that the energy selected to study the state-to-state
DCS’s would exactly be the energy of a resonance. Figure 5.10 shows the DCS's as

a function of energy (the four energies chosen to properly average over experimental

resonant, in that both the j = 0 — j' = 0 shoulder and the j = 0 — j' =1
minimum show a regular and monotonic displaccment as a function of collision
energy.?® However, at this point it is not certain if these are rainbow features, and
no further conclusion can be made than to say that the “shoulder” and “hole”
behave in a way reminiscent of rainbow features,

Even though the 10S approximation provides a minimal amount of in-
sight at the final rotational-state resolved level, the value of the IOS at the state-
to-state level for this system was unknown. Further investigation was inspired
by the knowledge that several types of structures in rotationally inclastic DCS’s
have been examined in the literature, For systems governed by purely repulsive

PE surfaces, rotational rainbows and associated supernumary rainbows have been

in Figure 5.9, 10S calculations are qualitatively successful in reproducing both
the j = 0 — ;' = 0 shoulder and the j = 0 — ;' = 1 minimum, but the loca-
tion and magnitude of these features are grossly inaccurate relative to the exact CC

calculations.
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The sensitivity of the j = 0 — j' = 0 shoulder and the j =0 — j' =1
minitmmm features to the seattering dynamics can be further explored computation-
ally by isotopic substitution of DF for HF. Several important differences arise in
the dynamics from the isotopie substitution. They are:

i. DF+Ar has a slightly larger collisional reduced mass (13.3 amu for

HF+Ar and 13.7 amu for DF+Ar).

ii. Changes in the H6 potential due to lower DF zero point energy.!

20.56cmn™*, while

iii. Different rotational energy level spacing. BHF
BPF = 10.86cin~'. It may be instructive to note that over a colli-
sion range of 10 A, the flight time is ~ 8 x 107'% sec. During this time
iv. The center-of-mass of the DF PE surface lies 0.041 A further from the
F atom than does the center-of-mass of the HF PE surface.
Explicit calculation of the DF+Ar DCS’s with a reduced mass of 13.3 amu, and cal-
culation of the HF+ Ar DCS's with a 13.7 amu reduced mass display no perceptible
differences from the cases of using the correct reduced mass. Therefore, the reduced
mass does not have any influence in the isotopic effects observed for the scattering.
To answer the second item, the DCS’s calculated with the v = 1 HF + Ar PE surface
are nearly identical to the v = 0 DCS’s (Figure 5.3). Hence, the different DF zero
point energy should not have any effect on the scattering calculations. Items (iii)
and (iv) are the two most important PE surface differences, and arc considered in
greater detail below.
Figures 5.11a and 5.11b show CC calculations at 135 meV for the four
combinations of rotational constant with PE surface. These DCS’s can be used
to separate anisotropy effects due to the 0.041 A shift of the PE surface from the
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influence of the rotational coustant. The HF 4+ Ar and DF + Ar PE surfaces are shown
in Figure 5.12 for angular cuts at 90° intervals.

Within Figure 5.11a, HF+Ar DCS's on the HF 4+ Ar PE surface versus
DCS’s on the DF+Ar PE surface display vast differences. The less anisotropie
DF+Ar surface causes the j = 0 — j' = 0 shoulder to slightly decrease in promi
nence by broadening in angular range. The j = 0 — ' - 1 DCS shows the
biggest change with the “hole” at ~ 60° being completely destroyed. The small and
large angle parts remain essentially unchanged except for small ditferences in the
magnitude of the cross section. In Figure 5.11b the same signiticant differences be
tween HF+ Ar versus DF+Ar DCS's are present, but on the DF  Ar PE swiface this
time. The conclusion drawn is that the less anisotropic DF+Ar PE surface (0,041 A
shift towards the D) causes a loss in “quantum” features as observed in the decrense
in shoulder clarity, and the destruction of the j =0 — j' = 1 mininn.

Comparison between Figures 5.11a and 5.11b demonstrates the effect of
changing the rotational constant of the diatom in the collision. Forthe j - 0 » '
0 DCS’s, the change from the HF +Ar system to the DF+Ar system elearly shows an
exaggeration and sharpening of quantum features occurs if the rotational constant
is smaller. For instance, the HF+Ar shoulder (Figure 5.11a, left panels) has been
resolved into a distinct minimum in the DF+Ar DCS’s (Figure 5.11h, left panels).
The j =0 — j' = 1 DCS’s display the same trend. The “hole” in the HF  Ar DCS
(Figure 5.11a, upper right panel) is significantly sharpe with the DF 4 Ar rotational
constant (Figure 5.11b, upper right panel). There is no appreciable intermedinte
and wide angle difference in comparing j = 0 — ;' = 1 cross seetions on the
DF+ Ar PE surface. One would suspect that calculations done with i even simalker
rotational constant (for instance that of tritium fluoride) would show even more
highly exaggerated quantum features.

One additional note of interest is that for all of the above seattering
system + PE surface combinations, the small oscillation at ~ 7° is present in the
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7 =0 —=3'=1DCS. It corresponds to that observed in the final rotational state-
summed measurements,'? but is not seen in our experiments since it occurs below
the accessible experimental angular range for the state-resolved results.!! This is
most likely a classical impact-parameter rainbow, as suggested by Vohralik et al. and
by the CT data shown in Figure 5.9. One other interesting note is that this feature

shows an oscillation only if the angular dependence is greatly exaggerated.!?
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Figure 5.11a. j =0 — j' = 0 and j = 0 — j' = 1 state-to-state close-coupling differential
cross sections. Top panels show DCS's for the calculation using the HF ¢ Ar
reduced mass and rotational constant. The potential energy surfare is for the
HF +Ar scattering system. Lower panels show DCS’s for the calculation using
the HF+Ar reduced mass and rotational constant. The potential energy surface
is for the DF4Ar scattering system. The total energy is 134.8 meV, which is
one of four used to properly energy average over experimental conditions.
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cross sections. Top panels show DCS’s for the calculation using the DF+Ar
reduced mass and rotational constant. The potential energy surface is for the
HF+Ar scattering system. Lower panels show DCS’s for the calculation using
the DF+Ar reduced mass and rotational constant. The potential energy sur-
face is for the DF+Ar scattering system. The total energy is 134.8 meV, which
is one ot four used to properly energy average over experimental conditions.
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5.5 SENSITIVITY TO FEATURES OF THE PE SURFACE

The exploratory calculations of the preceding section were based on us-
ing the hydrogen or deuterium isotope of hydrogen fluoride. The PE surfaces had
very little difference in shape, and only a small 0.041 A shift in position towards the
D atom. Even more information can be obtained by adjusting the H6 PE surface in
dramatic fashion. Table 5.3 provides mathematical details for the modifications per-
formed. Figures 5.14a - 5.14h show the various PE surfaces with the accompanying
HF +Ar close-coupled DCS’s.

By comparing the DCS’s of each of the modifications to the original un-
modified work, it is possible to make conclusions as to which parts of the potential
have the largest effect upon the quantum observations. To simplify the evalua-
tion, each state to state DCS is individually analyzed to monitor the effects of the

PE surface modifications.



Table 5 3 Hé Pnténﬂal Mndlﬂfntmm

Modification # Effect Equation form Range

0 Unmodified PE surface Ref. 1
1 Eliminate attractive well V = V(r.y) )
\ =0 r > ais)
= A(r—a)? Taw() < 1 < a(q}

Taw(7) is the distance at which V(r,v) = 30 mr\’
() is lhe diluncz at which V(r,'y) = 0 meV with nrgauw l|n|w

2 Isotropic attractive well V = Vir.y) P
at i'llzll'l ’V"ll” V= V(flﬁ:ph) r e jai.h‘
V = cubir !!]’lliill,ﬁi L 1 N RN
Taw(7) is the distance at which V{r,9) = 30 meV
o(74pn) is the distance at which V(r,7,,,) = 0 meV; v, = 90°
3 Attractive well is V = V(r,5) TS
anisotropic, but symmetric  V = V(r,7) 3 =0 and v s v ()
V = V(r180° — q) v = 00" anidr o« a(ing”
V = cubic apline® v 2 0" and
a3 s 1 ﬂ(“i"" 3)
F,w(7) is the distance at which V(r,v) = 30 meV
i(lSO = ) is the du!nm:e at viiti V(r,180° —5)=0
4a Remove frontside attractive V = V(r,9) T > Y
well anisotropy V = V(i9) r < rel) and 5 oy,
V= v(ili’lph) ro=oal i’qi!;) and 5 < Tspihs
V = cubic spline® Fawl¥) < 1 < aly,,,) and
7 < !fsjnll
Tow(7) is the distance at which V(r,v) = 30 meV
(7, h) is the distance at which V(r,v,.;,) = 0 meV; 5., = 90°
Yeph il the angle below which the poteatial is angle independent
4b Remove backside attractive V = V{r,v) T T
well anisotropy V =Vir,y) reona(y) and 4 - oy,
V = Vr v r > alq) and 7 > 9,
V = cubic spline’ TawlY) < 7 < al=,,,) and
T Z Tk
Taw(7) is the distance at which V(r,7) = 30 meV
r(ﬂy.ph) is the distance at which V(r,v,,,) = 0 meV; 4, = 20°
Yaph is the lll,k above which the pm:mill is angle inde p!‘ndﬂll
5 Remove repulsive wall Vo= Viry,,m) F 2 Tl a0,
anisotropy V = V(r,9) t = mly)
V = cubic uplmr- Faw( ) < 1 7 aly)

Faw(Tapn) is the distance at which V(r,7) = 30 meV
Yeph is the angle which the potential is isotropic (90°)
#(9) i» the distance at which V(r,7) = 0 meV

6 Spherical average V= % I Vir,y) sinydy for all 5
o

* The cubic spline equation is V = a, + (r — r“,){l;als(r o)y +(r - r",)'n,,;]}
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The plots of Figures 5.14a to 5. 14h provide a very Targe basis for es
tracting information about various parts of the potential. One feature common to
all of the cross sections is the presence of a strong forward peak due to Targe impaet
parameter collisions. The more interesting feature of a shoulder in the 60 vange is

highly dependent on the PE surface. The unmaoditicd potential is the most highly

prominent feature in Figure 5.13a. The most extreme opposite case is the spherieal
potential of Figure 5.13h, where no striking feature in the DCS iy seen. There
fore, the HF+Ar shoulder and DF+Ar mininnun must be due to amisotvopy an the
PE surface.

Modification of the PE surface by completely removing the attractive
we'l (Figure 5.13b, modification #1) leaves only a hint of the HE 4 Ar shonlder,
but none of the DF+Ar minimwn remains. The well must then be essential to the
mid-angle features. Maintaining an attractive well that is isotropic (Figure 5. Le,
modification #2) does not reinstate the shoulder (HF+Ar) or dip (DF { Ar). thus
confirming that anisotropy in the attractive well is required. If the anisotropy is
made to be symmetric (Figure 5.13d, modification #3), the shonlder and dip begin
to reappear but they are not as strong as in Figure 5.13a. Modification ff4n gives a
slightly anisotropic attractive well, and the DCS's (Figure 5.13¢) are slmost identieal
to the ones of Figure 5.13c. This maodification does not have enough attractive
anisotropy to reproduce the original DCS's. However, Figure 5.13f (mexdifieation
#4b) has an attractive well with almost its full anisotropy, and the reproduction
of the unmodified work is essentially exact. The conclusion is that the attractive
HF+Ar DCS or the minimum in the DF+Ar DCS.

It is possible that the repulsive wall can affect mid-angle clastic sent-
tering. Figure 5.13g (modification #5) shows scattering with a spherical repulsive:

177



wall. The HF4Ar shoulder and the DF+Ar minimum exist, but they are smaller
in maguitude than for the full PE surface. This indicates that the repulsive wall
must also be anisotropic, though no comment on symmetry can be made. From the
series of figures displayed, it is clear that the j = 0 = j' = 0 rotationally elastic
DCS is influenced by both the attractive well and repulsive wall of the PE surface.

and anisotropy is a key characteristic in determining the DCS.
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Studying this state-to-state DCS instantly reveals that the vivious
PE surfaces described in Table 5.3 generate vastly ditferent cross seetions. The

not included in this discussion sinee an isotropic PE surface does not give nise 1o
rotational transitions,

One can again step through the PE surface modifications in Table 5.3 to
further clarify the origin of the j = 0 — j' = 1 features. Removal of the attraetive
well (Figure 5.13b, modification #1) removes the large forward eross section and
destroys the intermediate angle shape. Only the wide-angle part (- 150%) of the
DCS for both HF+Ar and DF + Ar shows qualitative agreemnent with the unnoditied
DCS. This is as expected since the wide angle DCS is mostly comprised of strongly
repulsive interactions, and the repulsive part of the potential is nnaltered. Also, it
is believed that the oscillatory DCS shape in Figure 5.13b is a rotational rainbow,
reminiscent of caleilations conducted for hard sphere seattering. "

Figure 5.13¢ (modification #2) shows the DCS's ealeulated from the
PE surfaces when they have isotropic attractive wells. Note the lack of similarity
to the original DCS’s, whereby only a rotational rainbow for the HF § Ar, and aro
tational rainbow plus what appears to be a supernumery rotational rainhow ! 144
for the DF+Ar are visible, with no forward scattering oceuring in cither ense. Mak

ing the attractive well anisotropic but symmetric shows little chunge (Fignre 5. 13,

the DCS’s in Figure 5.13¢, and the beginning of the forward scattering is evident.
The most anisotropic and asymmetric PE surface (Figure 5.13f, modification #4b)
most closely displays the features seen only in the unmodificd work,

179



Rendering the repulsive wall isotropic (Figure 5.13g. maodification #3)
retains the oscillation at ~ 10°, but features in the 45° to 90° range are absent,
Henee, the anisotropic repulsive wall affects the mid-angle scattering,

The conclusion from studying the j' =0 — ;' = 1 DCS is simiiar to that
of Section 5.5.A. The contributions to the quantum features in the j =0 — j' =1
are affected by both the repulsive wall and attractive well, and the two effects cannot
be separated. However, again the PE surface must be anisotropic, and that this

anisotropy must also be asymmetric for the observed features in the j' =0 — j' =0

and j' = 0 — j' = 1 DCS’s for both HF+Ar and DF+Ar scattering.



5.6 CONCLUSION

Four different potential energy (I'E) surfaces recently proposed i the
literature! 181931 were studied. Using these PE surfaces, reproduction of exper
has proven to be less than satisfactory. Thus, exact quantur ealenlations are e
quired to provide acceptable theoretical agreement with experiment (see Table 51,
Within this context, the most recently proposed PE surface by Hutson! is elearly
demonstrated to be the most accurate in reproducing the experimental vesnlts,
“shoulder” in the j' = 0 DCS and the resurgence of wide-angle signal in the )" 4
and j' = 5 DCS’s. The latter feature is believed to be the result of highly nelastie
tational state summed ;' = 0 DCS into its component state-to state DCS’s elearly
show that the shoulder is a remnant of the j = 0 — j' = 0 state to state DCS,
Isotopic substitution of DF for HF show that this feature is dependent npon the
magnitude of the diatomic rotational constant, as well as the degroe of amisotropy in
the PE surface. Analysis of two parts of the PE surface (i.e., attractive well versus
repulsive wall) show that asymmetric anisotropy coupled with a complex interplay
between the attractive well and repulsive wall are responsible for the experimentally

observed shoulder in the 3’ = 0 DCS.
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CHAPTER 6

GENERAL DISCUSSION

This thesis is a study of the experimental and theoretical aspects of
HF+Ar rotationally inelastic differential scattering. This is a specific example of
highly anisotropic interactions between an atom and a diatom. In many studies such
as this,!'? the atom is a member of the inert gas family. For weak van der Waals
interactions, the diatom has been varied from Hz3'4, to N3,*® to alkali dimers such
as Na,.”'® The hydrogen halides represent a different type of interaction since the
permanent dipole makes the system much more attractive. For example, the well
depth € & 1.7 meV for H; + He?; ¢ & 1.2 meV for Na; + He!%; ¢ = 4.0 meV for
HF + He!! which is more than double the other attractive wells, and clearly shows

The HF + Ar system includes two very interesting potential energy
(PE) surface features: short-range repulsion with significant long-range attraction,
and strong angular dependence in the PE surface. Measuring the final rotational
state-resolved differential cross sections for j' = 0 — 5 is one way of probing both
the radial and angular dependence of the PE surface. The interest in systems which
couple strong attraction and strong angular dependence makes this project valuable
to the scientific community.'> !4

The continuous wave hydrogen fluoride chemical laser has proven to be
an excellent infrared radiation source (centered at ~ 2.5um) for these inelastic DCS
experiments. The most obvious feature is the natural spectral overlap between the
laser power is directly related to the laser emission bandwidth. Contributing to the
the natural line width on the order of tens of hertz, and the collisional broadening
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of ~ 5 MHz. The laser ravity length (the distance from the output coupler to
the diffraction grating) is 26 cm, therefore allowing only one longitudinal mode to

oscillate since the spacing between adjacent modes!®

is given by 5+ = 580 MHz.
Thus, the laser output profile (power vs. frequency spectrum) reflects its Doppler
profile.

The absorption spectrum of HF molecules in the molecular beam is on
the order of tens of megahertz wide due to the narrow collimation of the molee
ular beam, and so it is experimentally advantageous to narrow the laser emission
spectrum below its Doppler breadth. This is done by exploiting the Lamb dip'®
superimposed on the Doppler profile. This phenomenon is due to molecules in the
laser cavity reabsorbing some of the stimulated emission radiation, and the result-
ing power curve as a function of cavity length is shown in Figure 2.3. The output
power profile with Lamb dip as a function of cavity length is used to generate a
discriminator signal which allows active stabilization of the output frequency on
the center of the emission/absorption profile. The laser output is referred to as
optically bright owing to the frequency spread being < 15 MHz rather than its
Doppler width. This narrow band emission is now intense enough to saturate the
transition in the molecular beam.

Another important laser feature is the presence of R branch lasing with
sufficient power for studying R1(0), R;(1), and R;(2) transitions. In particular, the
R;(0) line is crucial because it allows study of the HF rotor population in j = 0,
which could otherwise not be done if only P-branch transitions were available.
Also important are the R,(1) and R,(2) transitions since they explore the same HF
molecules as do Py(1) and Py(2). This gives rise to the possibility of comparing
signals obtained from probing with one type of transition (e.g., R- branch) versus
the other type (e.g., P-branch), as is shown in Sections 3.3 and 3.4.

The actual molecular beam detection technique is a marriage between
the HF laser and a low temperature (1.5K) bolometer detector. The bolometer is

183



an energy flux detector,'® where the energy can be kinetic and/or internal energy
of molecules, or thermal energy from a light source. Before any interaction with
the laser, the HF molecules have kinetic encrgy and internal energy from rotation.
When an HF molecule strikes the detector surface, some proportion of the kinetic
energy, internal energy and the heat of condensation in going from the gas to the
solid phase is given up to the detector surface. When laser absorption occurs,
the HF molecules are excited from the ground state (v = 0,j) to an upper level
(v = 1,j + 1 for the R-branch or v = 1,j — 1 for the P-branch). If such an
excited molecule now impinges onto the detector, the same amount of kinetic energy
and heat of condensation are released as before pumping, but a different amount
of internal energy is liberated. Chopping the laser generates a modulated signal
Note that such a chopped signal is independent of both the kinetic energy and the
adsorption energy, as well as their accomodation on the cold bolometer surface.

In Chapter 3 the theory is developed showing the mathematical rela-

tion between the number of molecules in the upper and lower state if the pumping

crucial since the goal of this investigation is to determine the relative number of HF
molecules in a particular v = 0 rotational state after scattering (i.c., the energeti-
cally lower level before laser interaction in the two level system being considered).
Equation 3-5 (repeated here) relates the bolometer signal to the popu-
Iation of the j state being probed (refer to Chapter 3 for symbol definitions).

) NBy3pAE:; [ =[Asn+(B1a+Ba1)pjt
S x — — —— 1 = - 3 - 5
bolo ™ 431 + (B + Bua)p [ ¢ ] 3-5)

Note that in the exponential term both interaction time ¢ and energy density p
affect the relation of signal Sy to population N. Measurements of how each factor
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curves indicates that for shorter interaction times (i.¢., the fast molecular beam) a
higher laser power is needed to achieve the same excitation levels as with the slow

molecular beam. A laser power of ~ 50 — 60 mW is needed to saturate the optical

in normal operation of the scattering experiment. This is also the maximum laser
power obtainable in single mode TEMgo operation. The combination of these factors
yielded maximum signal levels with the simplest configuration for data analysis (i.¢..
Sboto +* N(j')).
Either one of two conditions is most ideal when converting bolometer
signal to the population:
i. the laser power is low enough that bolometer signal varies linearly with
ii. the laser power is high enough to saturate the optical transition of the
absorbing molecules.
Item i requires that the analysis equations include a term for power dependence.
Contrary to this is the condition of item & where the power term can be removed,

thus making the Einstein A and B factors of Equation 3 5 no longer required.

this research project, so it may be considered somewhat fortuitions that the HF
vib-rotational transitions are saturated at such low power levels.

It is possible that the most appealing way to carry out molecular dy-

typically involves lasers whose pulse duration is on the order of femtoseconds. In
contrast, the chemical laser output in these experiments is continuous in time,
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state distribution before the scattering event is measured, followed by measuring
the post-collision DCS for each particular final rotational state. In this way the
change in rotational state distribution can be followed as a function of scattering
angle. The “real time” behavior can then be generated theoretically from quantum
dynamical calculations using PE surfaces realistic enough to reproduce both the
scattering results and high-resolution spectroscopy of bound-state ArsHF.

The experimentally measured DCS’s are shown in Figure 4.3, with sev-
eral features that bear close inspection. First of all, the DCS for each j' shows a
strong forward peak followed by a drop of intensity as the scattering angle is in-
creased. This observation is similar to the DCS’s generated from classical mechanics
for atom-atom scattering where the large intensity-low angle DCS is due to large
impact parameter collisions since they have the greatest probability of occurance.
Also, from Figure 4.4 there is evidence that for lab scattering angles up to ~ 40°
the scattering is mostly elastic. This is in agreement with sampling mainly the at-
traction of the PE surface. For larger scattering angles (1., > 50°), a larger extent

fraction of rotationally inelastic collisions.

The change in DCS shape when switching from j' = O up to ' = 5

reflects the change in the type of scattering (i.c., predominantly elastic to predom-
inantly inelastic). The j/ = 0 DCS has a strong forward peak followed by the
quantum mechanical shoulder at intermediate angles and then a monotonic decline
in intensity at wide angles. The j' = 1 DCS behaves likewise except for the absence
of the mid-angle shoulder. j' = 2 and 3 DCS’s show a flattening out of the DCS
at wide angles, and j' = 4 and 5 DCS’s have a weak forward intensity, a hole at
intermediate angles and a resurgence of signal at wide angles. This behavior is very
typical of DCS's having a large composition of inelastic scattering, and for these
large j/ a rotational rainbow is evident.!?
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The most interesting DCS feature is the shoulder in the j' = 0 DCS.
parameter) rainbow fail because the angular range of the shoulder (30 -- 40°) is very
different than that of the L-type rainbow (~ 7°) observed by Vohralik et al.' and
calculated classically and quantum mechanically.'® Rationalizing the shoulder as

a rotational rainbow is not possible cither since the collisions giving rise to this

cross section are mostly elastic and also since the intensity drops at wide angles. A
further understanding of the j' = 0 shoulder is left to a theoretical study.

The initial theoretical attempt at explaining the HF +Ar seattering dy-
namics was done with the infinite order sudden (10S) approximation.'* These eal-
culations, which include the development of the center-of-mass to laboratory trans-
out for rotationally inelastic scattering on four PE surfaces in the literature?®??
and compared to the scattering results (Figures 5.4a d). The relatively poor re-
production of experimental DCS’s by any of the four PE surfaces is one of the first
indicators that the I0S dynamics are insufficicnt for this system. In particular, only
the Hutson and Howard?® PE surface displays a broad shoulder in the 3’ = 0 DCS.

None of the newer potentials (which are presumably better characterized) displays

poor low-angle quantitative agreement, coupled with the knowledge that the large
HF rotational constant is detrimental to the success of the I0S approximation, has
made these calculations unreliable for comparisons to experimental results. Alwo
noted is that the fitting parameter 6 prescnted in Table 5.1 is very large for all
PE surfaces. An attempt to categorize the PE surfaces according to their ability
to calculate DCS’s (and other properties) is useless with such a poor dynamical
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Exact quantum dynamics are the best way to examine the HF +Ar dif-
ferential scattering. Calculations done with the HIBRIDON code of Professor
Millard H. Alexander at the University of Maryland show that the most receut
HF+Ar PE surface?® is the best in reproducing the experimental DCS’s. In par-
ticular, the j' = 0 shoulder is accurately reproduced, and the rotational rainbow
in j' = 4 and 5 is qualitatively evident. The close-coupling and experimental re-
sults complement each other very well because each independent study so closely

reproduces the results of the other, and thus lends credence to the other work. As

job of reproducing the experimental features.

Further examination of the j' = 0 shoulder by decomposing the DCS
into a sum of state to state DCS’s shows that the j =0 — ;' =0and j=1— ;' =0
DCS's contribute > 95% of the state summed DCS. The shoulder is present in the
j =0 — j' = 0 DCS while simultaneously the j = 1 — j' = 0 DCS has a “hole”
at the same angular region. This combination of features between the two DCS’s
is what gives the shoulder in the final rotational state summed experimental DCS.
A similar comparison of the j =1 — j' = 1and j = 0 = j' = 1 DCS’s (i.e,,
the main components of the j' = 1 state-summed DCS) shows no shoulder in the
j =13 =1DCS, and only a shallow “hole” in the j = 0 — j' = 1 DCS. Thus,
a shoulder in the ;' = 1 state-summed DCS is non-existant.

Comparison of the exact quantum j = 0 — j' = 0 DCS to the same
DCS obtained from classical trajectory studies® show the shoulder to be a quantum

schanical effect. Further investigations into which part or parts of the PE surface

dictate the shoulder’s presence have thus far led only to the conclusion that it is

a result of a complicated interaction between attractive and repulsive anisotropic
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In conclusion, this careful examination of HF + Ar seattering has pro-
vided fundamental knowledge about the energy transfer process. The past genera-
tion of elastic experiments and IOSA calculations?® provided the footing on which
the developments presented herein stand. The success of the inclastic seattering
experiments is largely due to the discovery of the R;(0) laser transition and the
subsequent ability to actively stabilize the output frequency of the HF chemieal
laser. Incorporating the laser + bolometer detection scheme?® presented in Chap-
ters 2 and 3 allowed the accurate measurement of final rotational-state resolved
DCS'’s to be determined.?” Finally, a thorough theoretical investigation using quan-

tum dynamics concludes the analysis of the HF + Ar scattering system.
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APPENDIX A

EXPERIMENTAL DETAILS

The experiments presented in this thesis are the result of two individual
and unrelated pieces of equipment being brought together. The first is the contin-
uous wave hydrogen fluoride chemical laser which had not been used previously in
a narrow emission bandwidth configuration.! The second is a crossed beam appa-

ratus with a bolometer detector that had its experimental origin in high-resolution

laser + bolometer in the optothermal detection scheme® had already been presented

in the literature, but not previously incorporated in this particular apparatus.

A.1 CONTINUOUS WAVE HF CHEMICAL LASER

The HF chemical laser has been previously described in Sections 2.2 and
3.2. Refering to Figures 2.1 and 3.1, a mixture of He (600 atm-cm®/sec) and SF
(15 atm-cm?/sec) pass through an alumina tube (1.6 cm 1.D. x46 cm long) running
through the cross section of an aluminum waveguide. Compreseed air (~60 psig) is
blown into the waveguide through a ~ 0.5 cm hole in the movable stub to prevent the
alumina tube from cracking due to thermal stress. A magnetron (Hitachi M57D11
operating at 2450 MHz) is positioned with its emission dome inside the waveguide.
It delivers ~ 1200 W of microwave power to the alumina tube. The magnetron
is powered by a highly regulated 4 kV DC power supply. After the flow of the
The voltage applied to the magnetron adjusted to a setting of ~ 3.2 kV, with a DC
in that portion of the alumina tube inside the waveguide should form a plasma that
causes the alumina tube to glow a dull orange/yellow color. The intensity of the
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plasma glow should be constant in time providing the mixture of He/SFg does not
change. Inside the plasma, the SFg is broken down into smaller fractions, the most
important of which is F atoms. Further characterizations as to the temperature of
the plasma or the actual decomposition of the SFy into smaller fragments were not
attempted due to the extremely corrosive nature of F at high temperatures,

The alumina tube is attached to the laser cavity body using a Cajon
O-ring compression fitting threaded into a water-cooled collar, The water-cooled
collar is necessary to prevent the O-ring from overheating and cracking, thereby

destroying the vacuum seal. The hot F atoms enter the laser cavity and fan out

injected through a row of holes (62 holes x0.5 mm each) from both above and below
the plane of travel. The flow channel here is 115 mm wide by 4 mm high. A rapid
chemical reaction takes place, '

H, + F—HF!' 4+ H,

angle CaF; windows are mounted with centers 5 mm downstream of the Hy injection
holes to allow the emission of the excited HF to escape the laser cavity. Small in-
jection holes in the vicinity of the Brewster windows introduce He to sweep out any

vibrationally deactivated HF. The pressure inside the laser cavity is 5.5 Torr, which

backed by a Leybold-Heraeus S160C mechanical pump (rated speed 60 L/sec). The
pumps are kept in a room separate of the laboratory to reduce noise and mechanical

vibrations. The tubing (~ 4 m of 10 cm 1.D. PVC narrowing down to ~ 1 m of
5 cm L.D. reinforced rubber) is rigidly bolted to the laboratory wall with a frame
constructed of heavy gauge 2 inch angle iron to further assist in damping mechau-
ical vibrations being transmitted to the laser table. It is of interest to note that
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the first 90° elbow in the pumping line immediately after the laser cavity would
sulfur atoms come in contact with downstream of the plasma. This elbow (along
with a filter screen directly above the Roots pump) should be checked and cleaned
after every ~ 200 — 300 hours of laser operation. The above laser components (i.c.,
microwave discharge and laser cavity body) are rigidly held in place by bolting to
a 1.2 cm thick steel plate supported by a free standing steel structure which does
not make any contact with the laser optics table.

The breadboard laser optics table (Newport GS-34) is freestanding and
does not make any physical contact to the outer table supporting the laser body
and microwave generator. It was originally mounted on pneumatic legs, but the
required positional reproducibility of < 0.2 mm forced the pneumatic feature to be
discarded. All optical components needed for the generation and alignment of the
HF laser are mounted on this table.

The laser optical cavity consists of a gold coated diffraction grating and
a partially reflective mirror called an output coupler. The diffraction grating is
manufactured by Bausch & Lomb and has 300 rulings per millimeter of surface
with a blaze angle of 22.2°. It is held in the first-order Littrow configuration by
an adjustable mirror mount (Newport 600A-3). The output coupler (Two-Six) is
supported on the opposite side of the laser body by a second identical mount. It is a
2.5 cm diameter ZnSe circular mirror whose front side has a 3 m radius of curvature.
It is coated to provide 90% reflectance at 2.7 um, and the reflectance drops to 87%
created vibrationally excited HF molecules in the laser body spontaneously emit
agnetic (e.m.)
output coupler. The e.m. radiation (present as a plane wave) is amplified with each
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cycle through the optical cavity, but a certain percentage (~ 10% for our laser)
of the e.m. radiation is extracted from the cavity by passing through the partially
reflecting output coupler. This forms the laser beam.

There does not exist a way in which one could select the vibrational
and/or rotational state of the excited HF formed in the laser body. Rather, a
distribution of excited states is formed. By tuning the angle of the diffraction grat-
ing, the spontaneous emission of one specific dipole allowed transition is reflected
many times in the optical cavity. The different frequencies (and corresponding
wavelengths) available with this chemical laser are shown in Table A.1.

The mirror mounts supporting the laser cavity optics are rigidly held by
three Invar rods (2.5 cm diameter), although relative motion along the optical cavity
axis due to thermal expansion is accomodated by a ball-bearing bushing arrange-
ment supporting one end of the Invar rods. The distance between the diffraction
grating and the output coupler is kept as short as is physically possible (26 cm) to
prevent more than one longitudinal mode from oscillating at the same time. The
frequency spacing between two successive longitudinal modes is given by the differ-
ence in frequency between a cavity with n nodes of a standing wave versus n + 1
nodes. This frequency difference® is given by Anoag = 31+ Where c is the speed
of light and L is the cavity length (26 ecm). For this laser cavity, the frequency
difference between two adjacent longitudinal modes is calculated to be 580 MHz
(often this is referred to as the free spectral range).

One can calculate whether more than one longitudinal mode will oscil-
late by simply calculating the expected linewidth of the laser output. The linewidth
of the laser is controlled by three different broadening mechanisms: collisional broad-

ening and the natural linewidth due to spontaneous emission are each |
ing; the fact that inside the laser cavity the HF molecules a:
in random directions gives rise to Doppler broadening, which falls in the class of
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T:ble A 1 Dburved HF Chenﬁcal Lmr Dutput Frgquencie: ]

Notation' y" j" vt j' Wmfelength2 ( pm) PQWEI'J ( W)
R(0) 1 1 0 0 2.49928 0.14
Ry(1) 1 2 0 1 2.47579 0.15
Ri(2) 1 3 0 2 2.45372 0.07
Ry(3) 1 4 0 3 2.43304 0.01
Py(1) 1 0 0 1 2.55071 0.21
Py(2) 1 1 0 2 2.57874 0.66
Py(3) 1 2 0 3 2.60837 0.82
P,(4) 1 3 0 4 2.63966 0.91
P,(5) 1 4 0 5 2.67266 0.41
P,(6) 1 5 0 6 2.70743 0.90
Py(7) 1 6 0 7 2.74404 1.05
Py(8) 1 7 0 8 2.78256 0.20
Py(9) 1 8 0 9 2.82306 0.07
P3(1) 2 0 1 1 2.66678 0.04
P3(2) 2 1 1 2 2.69627 0.50
P3(3) 2 2 1 3 2.72747 0.96
P3(4) 2 3 1 4 2.76044 1.05
P3(5) 2 4 1 5 2.79522 1.34
P3(6) 2 5 1 6 2.83189 1.21
Pa(7) 2 6 1 7 2.87052 0.82
P3(8) 2 7 1 8 291118 0.20

! The notation indicates the diatomic going from a lower energy state to a higher
energy state (i.c., a pumping prma), and is a commonly used designation for
allowed :pa:tmmpm transitions in a vibrating rotor. The “R” or “P" notation
indicates the change in rotational state: R implies Aj = +1; P implies 4; = -1.
The mhucnpted integer is the upper vibrational state where Av = +1. The full
sized integer is the lower rotational (5) state.

2 Qutput wavelengths obtained from Helios Inc. HF CW Chemical Laser product
information sheet (Helios Inc., 1822 Sunset Plaza, Longmont, CO 80501), and
are measured under vacuum md:tmm

3 Measured with the intracavity iris fully open, and the laser operating in a multi-
transverse mode configuration (see Figure 2.2).

! Note that these laser lines are generated by relaxation of excited HF molecules i
the laser cavity, but the notation implies the energy required to optically pmmde
an HF molecule from a lower to a higher energy state. The primed (e.g., +' and

') notation denotes the higher energy vibrational/rotational state, while the
unprimed notation denotes the lower energy state.
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s broadening. Using the equations given in Reference 5, the colli-
sional linewidth is ~80 MHz, the natural linewidth is ~30x10™* MHz, and the
Doppler linewidth is ~370 MHz (all calculated for the Ry(0) line). Clearly, the
Doppler broadening is the most significant, but it is sufficicntly small to allow only
one longitudinal mode to oscillate.

The optical cavity can also support the oscillation of many transverse
modes. Experimental control over these modes is maintained by an intracavity iris
used to restrict the laser beam diameter. It has been found that if the intracavity
iris is kept at diameters of ~0.4 cm or less, then no additional transverse maodes
oscillate, and only the TEMgo mode will lase. This can be confirmed in three ways.,
The easiest and most convienient method is to examine the laser spot shape for
roundness on ultraviolet sensitized infra-red visualizer paper. The second methd

is to direct the laser into the scattering chamber while slowly sweeping the nptiml

the TEMgo mode is oscillating, then a single sharp peak will be observed in the
bolometer signal during the lasing of the TEMgo transverse maode at cach long-
tudinal mode. Obeervation of more than one sharp peak in the bolometer signal
while each longitudinal mode lases implies that two (or more) transverse maodes are
oecillating. The third method of confirming that only the TEMoo mode is lasing is
by scanning the spatial distribution of power within the laser beam. If no additional
transverse modes are oscillating, the power distribution will be gaussian in shape
along the cross section of the beam. Figure A.1 displays such a scan,

With the laser oscillating on the TEMoo mode, the next requirement
is to narrow the laser emission bandwidth, which has the effect of increasing the

j;lpﬂ;ﬂ:tﬁguhmn—thehmhdlp Aﬁﬁlﬂ!‘!Fmﬂhﬁllﬁlnthﬂ‘
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Power in Laser Beam

Scanning Laser Cross Section

Figure A.1 The solid curve displays the laser power as a small circular aperture (0.3 mm
diameter) is scanned across the cross section of the laser beam with the intra-
:;ntyu-thaﬂdnmhﬂhwoﬂytheTEMnmm&hmﬂﬂ
The dashed curve is a non-linear least-squares fit of a gaussian functional form
hth!expenmtnlm Thmmmthtﬁcum-gmdl!m

ing that the laser is truly lating on the TEMyo mode (see reference

5). The ¢~ width of the laser is found to be 1.9 mm, calculated from the

fitted equation.




laser body has emitted a photon, it is possible for the molecule to reabsorb a second

netic oscillation. The frequency that the molecule will absorb is dependent upon
its velocity relative to the velocity of the photon being absorbed.  All frequencies
oscillating in the cavity will be reabsorbed by relaxed molecules to a certain extent,
but at exactly the line center frequency the extent of reabsorption is roughly twiee

that of all other frequencies since the photon can be absorbed by the same group

power curve as a function of cavity length (i.e., tuning across the Doppler gain
profile) is shown in Figure 2.3

To take advantage of the Lamb dip in the power curve, a smaldl fraction
(< 5%) of the laser beam was reflected off a 1.2 cm thick CaFy window (located
immediately after the output coupler) and directed into an InSh detector cooled to
77K (Infrared Associates). The output from the InSb detector was averaged slightly
by a boxcar integrator (Stanford Research Systems) and then fed back to a Lock-
in Stabilizer (Lansing 80-214). The stabilizer would electronically differentinte the
power curve as a function of cavity length. This discriminator signal is then used
to actively control the length of the optical cavity by mounting the output coupler
on a piezoelectric translator. The resulting frequency bandwidth as measured by
mined any lower since the residual Doppler broadening of the HF molecular beam
is ~ 10 MHz. This frequency stabilization technique was used for all scattering
experiments reported here.

The actively stabilized laser emerges from the optical cavity plane po-
larized owing to the diffraction grating and Brewster angle windows on the ends of
the laser body. It is directed via a series of five mirrors into the crossed molecular
beams scattering apparatus through a CaF; window held at Brewster's angle to
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chanically chopped by a tuning fork chopper operating at 39.6 Hz. The output of
the chopper is used as a reference signal for the lock-in amplifier (Stanford Research

mate the laser beam as it propagates into the scattering chamber. The second and
third mirrors, mounted on the optical table, are used to raise the laser from the

optical table to the level of the fourth and fifth mirrors mounted to the scattering

to the scattering chamber before the fourth mirror. The fourth and fifth mirrors
then direct the laser into the scattering chamber along the bolometer’s rotation
axis. The entire path from the output coupler to the Brewster window is flushed
with dry N to restrict laser attenuation due to water vapor absorption. Inside the
scattering chamber the laser is displaced away from the scattering center on the
direct line to the bolometer detector chip. This is accomplished via a two mirror
the bolometer. After interacting with the HF molecular beam, the laser is reflected
from a mirror back onto itself except for a slight (~ 0.5°) misalignment needed to
eliminate feedback into the optical cavity.

Since the HF laser operates in the infrared region, it is necessary to use a
HeNe laser (Uniphase) as a tracer for alignment purposes. The HeNe and HF lasers
are made collinear at the beam splitter used to extract a small portion of the laser
(Infrared Associates) is used to locate the HF laser, and the HeNe is adjusted to
coincide (i.c., along the entire pathlength). The visible HeNe (632.8 nm) can then
ensure proper overlap of the HF and HeNe lasers. Alignment of the two lasers with




respect to each other, as well as alignment into the scattering apparatus is erucial

to the experimental integrity, and thus checked on the day of each new experiment.



A.2 MOLECULAR BEAMS APPARATUS

The molecular beam scattering apparatus used in these rotationally in-
elastic scattering experiments is largely unchanged from the description given by
L.J.Danielson in his PhD thesis.® It consists of two supersonic molecular beam
sources intersecting at 90°. Each source chamber is rigidly bolted to the scattering
chamber in prealigned machined steps. Inside the scattering chamber is a rotatable
liquid helium cooled bolometer detector whose motion lies in the plane formed by
the supersonic beams, and rotates about the intersection point of these beams. The
laser beam is admitted through a window at the bottom of the scattering chamber,
and is aligned so that the laser beam is perpendicular to each supersonic beam. The
three beams (two molecular and one laser) intersect at one unique point in space-the
scattering center, although later apparatus modifications required the laser beam
to be displaced towards the bolometer (Section A.2.C). For the purpose of super-
sonic beam characterization, a mass spectrometer can be bolted to the scattering
chamber directly opposite of either supersonic beam.

The two source chambers are essentially identical. They appear as a
vertical cylinder (~54 cm diameter by ~53 cm long) being intersected by a hor-
izontal cylinder (~40 cm diameter). The diffusion pump (Varian VHS-400 rated
at 8000 L/sec for air) is unbaffled and bolted directly to the vertical section. It is
backed by a Leybold-Heraeus S160-C pump (60 L/sec) through ~5 m of ~15 em
PVC tubing. The top covering to the source chamber is a 1.8 cm thick aluminun
disc with a 2.54 cm thick Perspex window containing several vacuum feed-through
connections providing the beam inlet gas, water cooling, and electrical power to
the nozzle assembly inside. The end cover is also a 1.8 cm aluminum disc with a
a rod on a threaded mount used to ad-

2.54 cm thick Perspex window containin
these chambers is ~2x10~7 torr, and the backing pressure is ~60 mtorr. The source




chamber pressures were not measured under experimental running conditions, but
they are expected to be on the order of ~5x10~* torr®. The backing pressures mea-
sured at the diffusion pump exhaust is ~150 mtorr for the Ar beam. For the HF
beam, at the start of an experiment the backing pressure would e ~90 mtorr. As
the experiment progressed, the backing pressure would continue to rise and usually
be allowed to reach ~250 mtorr due to dissolving of HF in the mechanical pump
oil. Purging with dry nitrogen for ~10 minutes would help to bring the backing
pressure back to ~150 mtorr, and would allow the remainder of the day’s run to be
completed (~ 10 hr).

The scattering chamber is box-like in appearance with dimensions of
~60 cm long X~60 cm wide x~41 cm high. It contains four machined ports (one
per side) to which the two source chambers and the mass spectrometer are bolted to
in pre-aligned positions. The fourth port is covered with a Perspex window and is
used mainly for viewing the inside of the scattering chamber when evacuated. The
bolometer is mounted on a rotating flange on the top of the scattering chamber.
Vacuum is maintained by a Varian VHS-10 diffusion pump (5000 L/sec) backed
by a Leybold-Heraeus D8A rotary vane mechanical pump (~3 L/sec). With no
gas load, the scattering chamber pressure is maintained at ~2x10~7 torr with a
backing pressure of ~ 30 — 50 mtorr. Under experimental conditions the scattering
chamber pressure is ~3x10~¢ torr with a backing pressure of ~ 60 — 100 mtorr.

The mass spectrometer is constructed with an inner and onter cham-
ber, where the shape of the outer chamber is similair to the source chambers. This
outer chamber is pumped by an NRC-6 diffusion pump (~ 1500 L/scc) which main-
tains a pressure of ~ 1x10~¢ torr. This diffusion pump is backed by the same
Leybold-Heraeus DSA pump which backs the scattering chamber VHS-10. The
inner chamber, which contains the mass spectrometer components (Extrel 041-1
joniser, EAI 200 quadrupole mass filter, and Gallileo 4770 channeltron), is pumped
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by an Edwards 6 inch Diffstak (700 L/sec) charged with Santovac 5 oil, and backed
by a separate D8A mechanical pump. The Diffstak is closed off by a butterfly valve

when the mass spectrometer is not in use, and a Varion I-3 Triode Vacion pump



A.2.A Molecular Beam Angular Resolution

trations representing the development of the experiments presented in Chapters 2,
3 and 4 (Figures 2.1, 3.1, and 4.1 respectively). The most important contigura-
tion is that which was used to conduct the molecular beam scattering experiments
presented in Chapter 4. Figure A.2 presents a scale drawing of the important col
limating apertures that determine the angular resolution of the apparatus,

In this configuration, the skimmer is the aperture which limits the an
gular divergence of each beam. Using trigonometry, one can caleulate the angular
divergence of the HF beam to be 3.0°, and for the Ar beam it is 3.3°. The theoreti
cal calculations can be compared to attempts to measure the angular divergence of
the molecular beam using the bolometer detector. To do this, a very low pressure
HF beam is made in one source chamber, while simultancously the laser (typically
using the R;(0) line) propagates into the scattering chamber. A wenk moleenlar
lar profile even for the bolometer operated at 4.2 K. The bolometer is then slowly
rotated so that its apertures pass through the molecular beam, and the mensured
bolometer signal is directly proportional to the intensity of the molecular e,
Figures A.3a and A.3b display this measurement for the set of apertures used for
the HF molecular beam and the Ar atomic beam.

One shortfall of this technique is that the bolometer signal’s measurned
angular width is a convolution over the molecular beam width and the width of the
smallest bolometer aperture. However, knowing that the molecular benmn distribu:
tion obeys a cosine squared angular dependence® allows one to deconvolute thes:
two widths via geometry considerations. By realizing that the smallest bolometer
aperture has a diameter of 2.42 mm (Figure A.2), the experimentally deconvo-
luted angular divergence of the HF molecular beam is ~3.1°. This is in excellent

207



Bolometer

9 hw
= ¢
Col —2.41mm
, Sk—4—0.73mm
0 20
e Noz ¢ 0.10mm
HF

Figure A.2 Scale drawing showing all apertures which contribute to the collimation of the
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Figure A.3a Anlullr divergence of the HF molecular beam as measurid by rota’ 'ng the
eter through the molecular beam axis while flowing a weak HE beam
which is excited by the HF laser. The circles are experimental data pﬂmu the
:ﬂidhne-lhﬁtiqunmmdthefunﬂm “S = So + acon’(A(z — o), £y,
The best fit values are: Sy = IM(m&vmed).a-?MﬂB Dzﬁ&
20 = —1.18. From this equation form, the full width at half maximum for the
distribution is 3.7°. Note that the shift in seroline (i.e., 2 = —1.18%) in in
good agreement with the angular shift required to move our total XS into
agreement with that of Vohralik ef al. (Section 5.3.A).




Ar Beam Angular Distribution
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Figure A.3b Angular divergence of the Ar atomic beam as measured by rotating the bolome-
ter through the molecular beam axis while flowing a weak HF beam which is
excited by the HF laser. The squares are experimental data points; the solid
line is a least squares fit of the function “S = So + a cos’(A(z — 20) §)". The
best fit values are: So = 0.00 (not varied); a = 2.855; 8 = 0.208; 2, = 90.07.
l-\'om’thi- equation form, the full width at half maximum for the distribution
is48.
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agreement with the calculated divergence of 3.0°presented above and in Chapter .
For the Ar apertures, the experimentally deconvoluted angular divergenee is ~4.2°,
which is slightly larger than that shown in Chapter 4. A possible explanation is
that the larger flux of HF molecules passing through this set of apertures enuses the
bolometer’s response to be saturated, and thus an artificially high signal level as the
bolometer is moved away from the beam centerline is observed. Such an event would
explain the skewing of data visible in Figure A.3b. Nevertheless, there was suth
cient agreement between the calculated and experimentally determined divergenee

to allow the scattering experiment to proceed confidently.
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A.2.B Molecular Beam Formation and Characterization

One cannot simply “turn on” a molecular beam and hegin scattering
experiments. Rather, several factors must be considered when producing a molec-

ular beam with optimized expansion paramcters. Amongst these factors are the

nozzle size, nozzle temperature, nozzle pressure, and the nozzle-skimmer distance.
The mass spectrometer has been used to establish the beam qualitities of relative
intensity, velocity, and velocity distribution. Ideally, one wants as large an intensity
as possible, coupled with as narrow a velocity distribution (and hence a narrow rel-
ative collision cnergy distribution) as attainable. Time-of-flight (TOF) techniques
are used to directly determine the velocity and velocity distribution of a molecular
beam, and can also simultaneously determine relative intensity.

The TOF chopper is a 4.50" diameter two bladed brass wheel with a
narrow slot (0.015” wide) cut into the center of each blade. The chopper is aligned
to intersect the molecular beam at a radial distance of 2.0” from the center of the
wheel. This wheel is rotated at 200 Hz, meaning that the “open” time between
blades is 1.25 msec, and the “open” time for a slot is 6 usec. The “on—off” function
provided by the blades is used to determine the beam intensity using the lock-in
amplifier, and the slot is used to determine the velocity and velocity distribution
of the beam. Artificial broadening of the velocity distribution due to the angular
divergence of the beam is removed by placing a narrow slit (same width as the slot
in the TOF chopper blade) between the TOF chopper and the entrance to the mass
spectrometer.

Calibration of the mass spectrometer is via the method of Blais et al.”,
with a very thorough description of this technique given by L.J. Danielson®. It is
noted that here Ar is used to provide the flight time of the neutral up to the mass
spectrometer jonizer, with Art and Ar?* providing the ion flight times. He gas is
used as a second neutral species to calibrate the distance from the chopper to the
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mass spectrometer. The equation relating the actual flight tine to the observed

flight time is found to be

tactual = tobs — 4.44% (“l-l)* — 19.7psee.

¢
From this actual flight time, the flight distance is calculated to be 65.69 em. After
calibration is complete, one is ready to optimize beam conditions, and determine
the velocity and velocity distribution.

The experimental parameters necessary to produce the most intense Ay
atomic beam were not investigated for this work. Rather, an optimized Ar beam
was produced in earlicr clastic scattering experiments in this ab® and these pa
rameters were used in the inelastic experiments. Only the nozzle skimmer distanee
was checked for the Ar beam, and Figure A.4 displays this scan. Figure A5 shows
the TOF measurement determining the velocity and velocity distribution for the
optimized Ar beam.

Prior to doing any optimization of the HF beam, an unexpected compli-
cation arises: commercially available HF is liquified, so the vapor phase HF above
the liquid must be extracted for beam formation. Attempts to control the low
of gaseous HF via mass flow controllers® (Tylan) proved to be fruitless since the
pressure drop required across the mass flow controllers was too difficult to maintain
throughout the gas feed line. To circumvent this difficulty, liquid HF was distilled
from a large storage cylinder to a small 500 mL stainless stecl cylinder. This small
cylinder is easily immersed in a thermostatic bath which controls the vapor pressure
of the liquid HF, and ultimately controls the pressure of HF in the noszle. 95%
ethanol was used as the thermostatic liquid since it readily allowed bath tempera-
tures to be set below 0°C. A scan of bath temperature (and thus nozzle pressure)
versus relative beam intensity on the mass spectrometer is displayed in Figure A.G.

Test runs done with varying nozzle sizes showed little difference in HF
molecular beam intensity on the mass spectrometer. Comparing a 100 yn nozzle
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Figure A.4 Circles and solid line: HF molecular beam intensity measured on the mass

spectrometer at B = 20 versus the nozzie-skimmer distance with the following
conditiom—noufe diameter 100 um; nozzle pressure 550 torr; nozzle temper-
ature 230°C.

Squares and dashed line: Ar atomic beam intensity measured on the mass
spectrometer at B = 40 versus the nozsle-skimmer distance with the following
ature 25°C (ambient).

Intensity differences between the curves is not meani
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Figure A.5 Upper trace shows the reference signal from the TOF chopper generated by a
photodiode positioned to be exactly opposite the point on the chopper wheel
where the molecular beam is striking the chopper. This reference signal is
exactly in phase with the molecular heam intensity allowed to pass by the
chopper. The narrow spike results from the slot passing through the phote-
diode, and is designated to be time zero. The lower curve is the intensity
(arbitrary units) of the Ar beam on the mans apectrometer at 2 = 40. The
horisontal offset between the two curves is the obwerved time-of-flight. Expan-
sion of the peaked region from the burst of Ar gas passing through the slot
shows the velocity full width at half maximum FWHM to be 7.9% of the most

probable Ar velocity.
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Figure A.6 HF Molecular beam intensity measured on the mass spectrometer at @ = 20
versus the noszle pressure (thermostatic bath temperature) under the “follow-
ing conditions: nossle diameter 100 um; nossle temperature 230°C; noszle-
skimmer distance 17 mm.
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to a 300 um nozzle displayed a 3% difference in molecular beam intensity, and

only a slight difference in the velocity spread (% = 20.0% for 100 jm versus

Ar in Figure A.5) for the best measurements made. Also, the mass spectrometer
signal at ® = 21 (which is a measure of the population of HF dimer~in the molecul
beam while keeping in mind that this signal can be distorted by the fragmentation
of polymers) is ~ 6.2% of the @ = 20 signal for the 100 pm nozzle, whereas the
same ratio is ~ 11.3% for the 300 um nozzle. Considering these above findings,
and since the nozzle pressure is the same for cither size of nozzle dinmeter, it was
decided to use the 100 ym nozzle because this would greatly reduee the flow of
HF, and thus significantly lessen the requirements on the pumping system, while

simutaneously providing the lowest proportion of dimers in the molecular heam.

these experiments by counteracting negative effects caused by more vigorous beam
expansion conditions. In particular, increasing the nozzle pressure will provide
better beam expansion resulting in a narrower velocity spread in the e particles.
However, the increase in nozzle pressure is usually accompanied by an inererse in
beam, especially for HF which has large intermolecular forces. To connternet the
increased polymer population, the nozzle temperature is also increased. This hns
been done with the HF beam with the intention of increasing the intensity of the
monomer, while decreasing the polymer population. Figure A.7 displays the HF
monomer intensity as a function of nozzle temperature. The dimer composition
a nozzle temperature of 25°C, ~6% for a nozzle temperature of 230°C, and ~2'4

21 : 20) in the molecular beam was measured to be ~30% for

for a nozzle temperature of 400°C. As seen in Figure A.7, the greatest intensity
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concentration is quite small (~2%) between 230°C and 300°C, 230°C was chosen as
the nozzle temperature for scattering experiments since this same temperature was
used in a similar DCS experiment by Voharlik et al., and comparisons between the

two experiments are casiest if as few parameters differ as possible.

placing the mass spectrometer directly opposite the HF source chamber. The scan of
relative HF intensity on the mass spectrometer versus the nozzle-skimmer distance

is shown in Figure A 4.
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Figure A.7 HF molecular beam intensity measured on the mass spectrometer at "o
versus the noszle temperature under the following conditions: nozle diameter
100 um; noszle pressure 340 torr; noexle-skimmer distance 17 mm.
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A.2.C Laser - HF Molecular Beam Interaction

The optothermal detection technique® used for these experiments is cen-
tered upon the frequency overlap between the emission spectrum of the HF chemical

laser and the absorption spectrum of HF molecules in the molecular beam. The key
advantage of using the HF chemical laser is the ease of keeping the emission fre-
quency constant within the Doppler absorption width if the laser is stabilized and
operated single mode. Control of the emission bandwidth of the laser is managed
by the frequency stabilization mechanism which locks onto the Lamb dip in the
laser’s power output curve (Section A.1).

The absorption bandwidth of HF molecules in the molecular beam is
controlled by two separate factors. One is the natural absorption width, which
is known to be very narrow from tabulated values of the Einstein absorption
coefficients.!®'!! The second factor is the Doppler absorption width due to the ab-
sorbing molecules having velocity components either with or against the direction of
laser propagation. Remembering that the three-dimensional shape of the molecular
beam is similair to a cone, it is possible for an HF molecule at the edge of the scat-
tering volume (i.e., either above or below the plane defined by the two molecular
beam centerline axes) to have a velocity which is not parallel to the beam centerline.
The maximum angular difference between the center and the edge of the scattering
volume, such that an HF molecule originating from either position is geometrically
able to strike the detector surface, is ~ 2.0°. This implies that the angle between
HF molecules and the laser can be in the range of ~ 88.0° to ~ 92.0°, Therefore,
since the HF molecules have a velocity of ~1.21 km/s +22%) their Doppler absorp-
tion width!? is ~34 MHz (£22%) if R,(0) radiation is absorbed. This would imply
that there is good spectral overlap between the laser emission (~ 15 MHz width)
and the molecular beam absorption, and that theoretically (at least) all of the laser
output can be absorbed by the molecu




One of the complicating factors which arose when establishing the op
tothermal detection scheme was the presence of seattered laser light incident upon
the detector. This scattered light would have the same modulation and phase as
the excited HF molecules, and would therefore be an artifact of the seattered signal.
Without any preventive measures, the scattered light was on the order of the seat
tered signal (~ 0.5 mV on the lock-in amplificr). Efforts to reduce the amount of

scattered light include painting all bolometer and seattering chamber surfaces near

the scattering center with flat black paint, using Brewster angle windows on all
interfaces between vacuum and atmosphere, anodizing the periscope mirror mount,
painting the retro mirror mount flat black, and using a set of conical batHes to trap
any scattered light entering the scattering chamber through the lower Brewster win
dow. All of these features combined to reduce the amount of seattered light by a
factor of 50, thus making our lock-in amplifier deteetion limit on the order of 10 4V
under normal operating conditions.

A second complicating factor of the optothermal detection seheme was
the difficulty with high background signals, and thus lowered signal to noise ratios.
It is believed that HF not in the molecular beam would bounee off walls in the vicin
ity of the scattering center, interact with the laser, and subsequently impinge npon
the bolometer. To overcome this problem, an OFHC (oxygen free high conductiv
ity) Cu post mounted on a liquid nitrogen cooled plate supported an aluminm
mesh (Energy Research and Generation) surrounding ~ 1 of the scattering zone on
the side opposite the bolometer. An oversized hole was drilled through the mesh to
allow each molecular beam to pass through unimpeded, and the bolometer would

would eventually collide with the mesh, be trapped on the cold surface, and not have

a chance of striking the bolometer. The effectiveness of the mesh in reducing the
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amount of stray HF arriving at the bolometer is amazing-nearly 100% of the back-
ground signal is removed if the mesh is kept around liquid nitrogen temperatures.

An unexpected difficulty in using the Al mesh to suppress background
was the presence of HF stalactites growing on the edge of the hole drilled through
the mesh for the HF molecular beam. After ~6 hours of continuous beam opera-
tion, the stalactites would grow large enough to begin to attenuate the HF beam.
The stalactite would then grow very rapidly and within minutes block most of the
molecular beam directly striking the cold surface. Blowing out the liquid nitrogen
from the heat sink reservoir, followed with heating the mesh to ~ —100°C would
vaporize the growth and allow the experiment to continue. For convenience, at
this time that the mechanical pump backing the diffusion pump in the HF source
chamber would be flushed with dry nitrogen (see Section A.2).

The original alignment of the laser was such that it propagated through
the scattering center perpendicular to the plane formed by the molecular beams. In
practice this is the easiest arrangement to construct, although it is deficient in the
following way: it is possible that as an HF molecule enters the scattering volume,
it can first interact with an Ar atom, and then be excited by the laser as it travels
to the bolometer detector. This is the sequence that one wishes to study. However,
with equal probability the reverse order of events can also occur, namely the HF
molecule enters the scattering volume, is excited by the laser to a v = 1, j state, and
is then scattered by the Ar. Two problems with this second set of events are that it
probes the scattering of vibrationally excited HF by Ar rather than probing ground
state HF scattered by Ar, and does not provide resolution of the final rotational
state (i.e., after scattering).

The solution to this problem was to build a
to displace the laser parallel to its original path, but downstream (i.e., towards the
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Figure A.8 Background signal on the bolometer as the aluminum mesh surrounding the
scattering center is cooled to liquid nitrogen temperature. The bolometer is
positioned at 30° away from the HF beam; the HF beam in operated at a nozzle
pressure of 330 torr (thermostatic bath temperature of 0°C), nozzle heated to
230°C, and the nossle-skimmer distance set to 100 mm to reduce the amount of
HF in the bolometer region. This same observation is seen if the HF molecular
beam is prepared under scattering conditions (s.e., nozzle-skimmer distance of
18 mm and nozzle pressure of ~ 560 torr), or if an effusive source of HE i
inlet into the scattering chamber through a port on the top of the scattering
chamber.
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bolometer) of the seattering center by 16 min. Attaching the periscope to a warm
(i.e., ~ 300 K) bracket on the rotating bolometer ensured that the laser displace-
ment remained on the line between the seattering center and the bolometer detector

during rotation, as well as keeping the optical surfaces free of infrared absorbing

ically displace the laser assures that the HF molecules are excited only after the
seattering event has occured (a crucial point regarding the optothermal detection
scheme).

Two calibration checks were run on the periscope setup to ensure signal
integrity as the bolometer was rotated through different scattering angles. The first
involves the polarization of the laser since use of Brewster angle windows and the
diffraction grating in the laser cavity produces a plane polarized HF laser beam.
The polarization of this beam was maintained as the laser is steered into the scat-
tering chamber, and thus the excitation of HF molecules is via the polarized HF
laser. It is important to check whether the periscope would in some way affect
the polarization of the laser as the bolometer and periscope orientation are rotated
through all accessible scattering angles. Use of a polarized HeNe laser and a polar-
ized photography lens in front of a sensitive photodiode detector showed that laser
polarization with respect to the laboratory frame is fully maintained throughout
the entire angular range of detection. (Actual measurements show that after pas-
sage through the periscope the laser remains 100% polarized with the bolometer at
0°, ~ 99% polarized when the bolometer is at 45°, and 100% polarized when the
bolometer is at 90°.)

The second calibration check was designed to investigate whether the
laser would wander away from the line joining the scattering center and the bolome-
ter as the bolometer is rotated. The source of HF for this test was a closed tube at-
tached to the rotating flange supporting the bolometer with a small hole (~ 0.5 mm)
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drilled through the wall of the tube. This small hole was positioned to be on the
line joining the scattering center to the bolometer, and ensured a constant thx
of HF into the detector regardless of its angular position. A low pressure of HF
was inlet into the scattering chamber through this hole, and the laser wonld exeite
the HF as the molecules travelled to the bolometer resulting in a given signal level.
The measurement was repeated at several different angles throughout the deteetor’s
range. The results are shown in Table A.2. It is evident that the periscope does
not introduce any systematic errors in the bolometer signal level, and this was true
even after several realignments of the laser. From these tests it was coneluded thi
the periscope could be used to employ the optothermal detection scheme properly
and not be a source of error in the measured signal.

With assurance that the laser+bolometer detection system is funetion
ing error-free, one is ready to begin experimental runs for the purpose of charneter
izing the HF molecular beam. The ultimate goal is to make a connection hetween
the measured bolometer signal and the relative number of HF molecules in s par-
ticular rotational state. A necessary condition for this to be possible is to extablish
the relation between the bolometer signal for a given transition and the mnount of
laser power being input into the scattering chamber. An investigntion of this type
was carried out for two different HF molecular beams, one of which is used in the
scattering studies presented here. (Note that in order to prevent the bolometer from
being thermally overloaded, it was operated at 4 K to reduce sensitivity in addition
to the nozzle-skimmer distance being set at 100 mim.) The laser power entering the
scattering chamber was varied by placing neutral density filters of differing optical
densities in the laser beam path, and the bolometer signal for the weak HF benm
is measured. The results are shown in Figure 3.3 for HF molecules traveling at
two different velocities. The most important finding was that under single mode:
(4.¢., TEMoqo) laser beam conditions, the electric dipole transition undergone by HF
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Table A.2 Check of Periscope Alignment During Bolometer Rotation

Bolometer Angle (°) Bolometer Signal (% of 0°)

Condition #1

100.0
99.8+1.6

101.3£2.7

104.91£2.6
99.1+1.3

B

Condition #2
0 100.0
10 99.3+2.7
20 103.2+4.5
45 102.3+4.1
90 101.3+1.3

Condition #1: The aluminum sponge used to suppress background HF is kept at
ambient temperature. Laser is operated on the P;(2) transition.

Condition #2: The aluminum sponge is cooled to liquid nitrogen temperature

(~ —190°C). Laser is operated on the Py(2) transition.



molecules due to being excited by the laser beam was saturated. In other words, the

being promoted for a given rotational state in the molecular beam. The equations
and conclusions presented in Chapter 3 were developed from this information.
With the relationship between bolometer signal and relative rotor popu-
lation well understood, one is now ready to determine the rotational state population
distribution in the supersonic expansion. The HF molecular beam is prepared un
der optimized expansion conditions, but one important apparatus modifiention was
required to restrict the amount of HF striking the bolometer surface. This was done

by epoxying a 0.1 mm Pt nozzle onto a collimator plate (Col in Fignre A.2) whose

bolometer signal is integrated for ~50 sec per laser line. Apprecinble holometer
signals, and hence a measurable rotational state population, were obtained for the
laser tuned to the R;(0), R;(1), Ry(2), Py(1), Py(2), P1(3), P(4), and Py(5) tran-
and again in Chapter 4. Note that the relative population in j = 1 and j = 2 ix
probed by both R-branch or P-branch transitions. This allowed for a consistency
check to the equations derived in Chapter 3.



A.3 HF+AR SCATTERING

An experimental day starts at ~5 a.m. when a timer switch automati-
cally opens a solenoid valve and allows Ny(y) to cool the radiation shiclding attached
to & liquid nitrogen dewar on the bolometer. At ~7 a.m. this dewar can be man-
ually filled, and the transfer of liquid helium from a storage dewar to a second
dewar on the bolometer is begun. Details of the transfer procedure are contained
in reference 6.

While the liguid helium transfer is underway, the thermostatic bath for

the HF cylinder is regulated to 10.0 £ 0.5°C, and the HF nozzle heater is switched

up to operating temperature before doing an alignment of the tracer HeNe laser and
the HF chemical laser. After the liquid helium transfer is completed in ~ 1 hour
(usually collect ~1.1 L), the inner dewar containing the liquid helium is pumped
down to ~6.5 torr to lower the detector temperature to 1.5K. The bolometer is
rotated to the 0° position (directly opposite the primary HF molecular beam),
two irises under the scattering chamber. The returning laser is slightly misaligned
in a downstream direction (~0.4°) to prevent its feedback into the optical cavity.
Without this misalignment, locking of the laser frequency to the Lamb dip minimum
is impossible.

With the laser ready for the experiment, the HF molecular beam and
the Ar atomic beam are turned on to give the beam conditions described carlier.
A scattering angle of 30° with the laser tuned to the R;(0) transition is used as a
reference, so this data point is usually measured twice to ensure good reproducibility
for this day, and to previous days. The bolometer is then rotated, under computer
control (IBM PC-AT), to the desired scattering angle, while the diffraction grating




laser transition. The laser frequency is manually locked to the Lamb dip minimum,
and the measurement of scattering signal is begun. Signal integration times vary
from 200 sec to 1000 sec depending on their strength, The Ar beam is periadieally
flagged off to allow for subtraction of background signals. After every two or three
data points (or after every data point for long integration times), the bolometer and
laser are moved back to their reference postions and a reference data point is tuken.
This is needed to compensate for long term drift of the detection system sensitivity,
as well as to keep track of any short term increases/decreases in signal. With all
aspects operating properly, an experimental day would usually last for ~10 howrs
of data taking until the liquid helium in the bolometer was gone,

Approximately 8 to 10 data points are collected for cach seattering angle
at each j' that is measured (0 < j' < 5). This large number of data is collected to
ensure that a good statistical sampling is obtained, and that if data is to be rejected
for some reason (e.g., laser power too low or too high, or data point is removed with
a Q-test) then there will remain a sufficient number of data points to still have a
statistically meaningful error bar.

The raw data is stored in an archive file on the computer’s hard disk.
The program ARCNORM reads through this file to normalize the data based
upon reference signal levels. If two successive reference signalsy vary by a preset
limit (usually £25% of the first of the two points), then the data gathered between
these two reference points is automatically rejected. For this experiment, the signal
obtained with the laser tuned to R;(0) and the bolometer rotated to 30° i..-s chosn
to be the reference. The normalized data is then collated and averaged according
to final rotational state and scattering angle. The program ERRBAR takes the
average data whose error bars represent one standard deviation and 3-point simooths
the error bars for all scattering angles for a given j'. This produces the data
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APPENDIX B

CALCULATIONAL DETAILS

Many hundreds of lines of computer code had been written in this lab
oratory (mainly by Dr. Mark Keil) to calculate the differential cross seetion for
atom-atom scattering. This code was subsequently expanded to use the infinite
order-sudden (10S) approximation to calculate the “total” (1.c., rotationally unre
solved) differential cross section for atom-lincar molecule scattering. The experi:
ments reported here contain results from rotationally inelastic differential seattering,
experiments, and as a result the computer code was further modified to include this
calculational requirement. The most informative reference for this caleulation is
given by Parker and Pack.!

An outline of the input and output parts of the calculational schewme
is prosented below in Section B.1. Section B.2 is intended to provide an introduc-
tion io the calculational method used to generate differential cross sections in the

laboratory-frame averaged over all experimental conditions.

B.1 Experimental Input

The upper box in Table B.1 indicates the experimental details that
need to be input to characterize the system being studied under a given energy
distribution.

HF beam: this is the primary beam, known as such since it contains the particles
that are detected by the bolometer.
i. HF mass = 20.006 g/mole is needed to calculate the reduced mass of
the HF +Ar scattering system.
#i. Rotational constant of ground state (i.e., v = 0) HF = 20.56 em™'
(from Herzberg?). No other dependence on quantum numbers is in-
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Table B.1 Input to Scattering Program

Input Exp-rmﬁnl Details
HF Fnrmry Bﬂm

B ve!ngtyf dl:;ﬂlm!.mni htil,'!‘l ggul;r divergence; hea!,. 9!' :onde,rgluﬁn
Ar Secondary Beam
particle n mass; velocity; velocity distribution; beam angular divergence.

Applnms Parameters
beam intersection angle; detector angular resolution.

In;mt Gﬂ:ul;tiunli Px!m-t-n
i in;ulir grid to select # em ; Ingul;.r grid for 6;,;, output;
number of points and cutoff limits for primary and secondary beam angular
and velocity distributions used to construct Newton diagrams;

number of pi:mh and cutoff limits for primary and secondary
hrlm vdunln:- llh‘j mtergﬂmn mgle to construct E:l:me velanty dmtﬂbutmn

nmb:r cl' interaction m;lu fnr IGS nmegi-i&iﬂn
numh:r nf mltﬂt:tm mglu fﬁt scattering unphl.ude Legendre e;p;nsmn ‘coeficients.
WKB phase shift parameters for 108 calculation of DCS in :entgr-nl' -mass frame. 1

- !ntmbn Potential 7
mlern:tmn pntentml asa functmn of “r" ind sl

_ Dntplit
Iﬂinﬁlory frame final rotational state selected DCS
averaged over all experimental conditions.

t The HIBRIDON code (see Chapter 5) can be used here to calculate the close-coupling center-
ﬂmﬁmﬂmﬁ&aﬂhl@&xﬁmmﬂeﬂmhﬂuh“&ﬂmﬁmﬂcs



cluded here. This value is necesary to quantify the amount of rotational
energy transfered during a scattering event, used only in the center-of-
is rotationally degenerate.

iii. Incident rotational distribution needed to properly sum the contribu.
tions of various state-to-state DCS’s to a particular final rotational state-
summed DCS. The incident rotational distribution is given in Chapter 3,
and again in Chapter 4.

iv. Due to the supersonic expansion of the molecular bean, the distribution
of molecular velocities is non-Boltzmann. The actual distribution of
beam particle velocity is needed to construct the distribution of the
relative collisional energy.
divergence of each molecular beam implics the existence of internctions
occuring over a distribution of angles near 90°.

vi. The amount of heat liberated when an HF molecule strikes the bolome-
ter detector surface and is frozen to the surface (taken to be 431 meV?)
(c.m.) frame to a corresponding signal due to HF in the laboratory
reference frame.

Ar beam: this is the secondary beam, known as such since it contains the particles
i. Ar mass = 39.948 g/mole is needed to calculate the reduced mass of the
HF +Ar scattering system.

#i. Due to the supersonic expansion of the molecular beam, the distribution
of velocities is non-Boltzmann. The actual distribution of beamn particle
velocity is needed to construct the distribution of the relative collisional



iti. The two molecular beams nominally intersect at 90°, but the angular
divergence of each molecular beam implies the existence of interactions

occuring over a distribution of angles near 90°.
Apparatus: the bolometer detector has a series of appertures which restrict un-
wanted particles or radiation from impinging on the liquid He cooled surface. These
apertures define the angular resolution of the detector, which is calculated to be
3.11°. This number represents the maximum deflection that an HF molecule in the
wing of the HF beam can be deflected and still reach the detector under single col-

lision conditions if the bolometer is positioned directly opposite the HF molecular

beam.



B.2 Calculational Aspects

The second box of Table B.1 depicts the scattering program using the
information of the first box to integrate over experimental conditions. This consti-
tutes the majority of the calculational effort.

The calculation begins by first constructing a vector of center of
mass (c.m.) scattering angles beginning at 0° and ending at 180°. The vector of
angles can be divided into two parts with each having a different increment hetween

adjacent angles if desired. This is necessa

y to allow for sufficient angular tineness

in calculating the highly oscillatory c.m. DCS for low angles (0° < 6., < 60°), but
then allowing a coarser angular grid at large angles (60° < 6., < 180°) where the
DCS is usually monotonic. Also, the initial and final laboratory angles, along with
an incremental stepsize, are specificd to produce a vector of laboratory angles to
which the c.m. DCS’s are transformed.

The next step is to employ the molecular beam conditions in construet-
ing the Newton diagrams used to transform the c.m. DCS’s to the lnboratory-fraune.
This involves four steps:

i. Using the angular divergence of the HF beam to provide the range of
possibilities, select 4 angles (based upon Gauss-Legendre integration
points and weights) for the HF molecules to be propagating towards the

ii. In parallel to i. above, use the angular divergence of the Ar bhenn to
select 4 angles (based upon Gauss-Legendre integration techniques) for
the Ar atoms to be propagating towards the scattering center.

##s. Use the most probable velocity and the velocity distribution (obtained

from time-of-flight measurements) to select 12 HF velocities (based upon



iv. Only one Ar beam velocity is chosen to construct the Newton diagrams.

This one velocity is the most probable velocity obtained from time-of-

flight measurements.

Table B.2 displays the beam angles and velocities used to construct all of
the Newton diagrams. The relative velocity for each diagram is readily calculated
from the angle of intersection (i.e., the difference between the Ar angle and the
HF angle) and the selected velocity of each beam. The statistical weight of each
particular Newton diagram (not shown) is calculated as a product of the statistical
laboratory-frame DCS from all Newton diagram transformations.

Table B.2 Newton Diagram Setup -
HF Angles (deg) | Ar Angles (deg) |vnp (km/s) |va, (ki/s) ]

—1.989 87.839 0.9789 0.5600
—0.785 89.147 0.9957
0.785 90.853 1.0248

1.989 92.161 1.0644

e.g., the two Newton dn;fnmi which give the mmlmum and maximum ﬂi&%w7?2@i§§

HF Angle (deg) | Ar Angle (deg) |owe (km/s) [va, (km/s) [vpt (kmys) | Probl

1.989 87.859 0.9789 0.5600 10920 | 0.0091

—1989 | 92161 1.4047 0.5600 15494  |0.009

! This peobability is divided by the sum of the probabilities of all Newton diagrams when summing
over individual laboratory frame DCS's to obtain the average laboratory frame DCS,

Construction of all Newton diagrams before calculating the c.m. DCS
establishes the range of relative velocities encompassed by the Newton diagrams.
This fact is used to select the relative velocities, which give the relative collision
energies, for averaging over the incident kinetic energy distribution. The smallest



and largest relative velocities from the Newton diagrams form the onter limits, and

other relative velocities are evenly spaced throughout the range. Four relative ve

of 82.4, 107.0, 134.8, and 165.8 meV were used to average over the HE t Ar energy
distribution.

The decision to calculate the c.m. DCS at only 4 energies, and the use
of 4 HF beam angles, 12 HF velocities, 4 Ar beam angles and 1 Ar velocity to
construct the Newton diagrams was carefully investigated in the following way: an
HF+Ar c.m. DCS was calculated at 24 collision energies. The transformation to
the laboratory-frame was then done using the set of parameters (1,12,6.4) for the
HF beam angles, HF velocities, Ar beam angles, and Ar velocities. The laboratory
frame DCS obtained with this set of parameters was considered to be properly
transformed with no errors due to using a parameter sct that required too few New
ton diagram transformations. In order to speed up the calculational process, the
number of angles and velocities required was decreased in a uniform manner, where
after each change in the parameter set the newly calculated laboratory frame DCS
was graphically compared to the properly transformed DCS (from the (1,12,6,4)
parameter set). With this trial and error mcthod, it was found that a (1,12,4,1)

parameter set would both significantly decrease computational effort and still ac-

smaller numbers of beam angles or velocities were found to introduce errors in the
transformation process. However, as a measure of safety, the actual parnmeter set
used was (4,12,4,1) so that the HF angular distribution would be properly uvernged
over when doing the c.m. to laboratory transformation.

The choice of using 4 collision energies was determined in much the
same way. Using a larger than necessary number of Newton diagrams (1,12,6,4),

the number of collision energies was systematically varied. After cach decrense, the
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newly caleulated laboratory-frame DCS was graphically compared to the properly
transforied DCS. This process was continued until choosing a fewer number of
collision encrgies would begin to introduce errors into the transformation process.
It is noted that choosing only 3 collision energies would have been sufficient for this
system, but 4 collision energies were actually used to introduce a larger margin of
safety in the transformation process.

For each collision energy above, the calculation now enters a large loop
to determine the c.m. DCS for a given j — j' transition. The equations pro-
and discussed in Sections 1.3 and 1.4.B. Briefly, the method is as follows: for each
angle chosen for the 10S integration (8 angles in all, selected as Gauss-Legendre
integration points), the phase shift curve (i.e., nt vs. L, L is the total angular mo-
mentumn quantum number) is determined via a Wentzel-Kramers-Brillion (WKB)
integration®. Manipulation of Equations 1-49, 1-50, and 1-52, with the conditions
of j".. = 7 in Equation 1-51 (which is the same as Lmax= 7 in Equation 1-50)
and 8 Gauss-Legendre integration points used to find the FE(Q) in Equation 1-50,
Clebsh-Gordan terms in Equation 1-51 gives the c.m. DCS for any inelastic or elas-
tic transition specified by j and j'. Recall that this entire sequence is repeated for
each of 4 successive collision velocities (i.e., energies).

In the calculation described above, j" max Was chosen to be 7 since this
would include the first energetically closed channel into the calculation of the 0 —
j" c.m. DCS's. For the IOS integration, 8 angles were chosen since the number
of angles (njos) must be greater than j"max or else the 0 — njos c.m. DCS is
identically zero in the Clebsh-Gordan summation. Greater than 8 I0S angles could
be used, but 8 angles was found to be sufficient for a proper I0S integration. The
number of Gauss-Legendre integration points for the determination of the F}(6)
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was chosen to be the same as the number of 10S integration angles to avoud having
to calculate more DCS's (by interpolation) for the Gauss-Legendre integration to
calculate F¥(8).

It is essential to point out that at this place in the caleulation, the 108
equations programmed in this laboratory, and the quantum mechauical based HIB
RIDON code each provide the same type of information. Specifically, available to
the next step are c.m.-frame DCS's for specified j — j' transitions, at the requested
c.m. angles, and for the four (or any number) requested energies.

Conversion of the c.m. DCS’s (obtained by either JOSA or close coupled
techniques) to the laboratory-frame now follows. Recall that the angles and veloe
ities of each beam composing the Newton diagrams have been established carlier,
thus meaning that the collision energy of each Newton diagram is within the range
of energies for which the c.m. DCS’s have been calculated. With the restriction
that the c.m. DCS’s do not vary wildly with collision energy,® one can use an inter-
polation routine to find the c.m. DCS at the exact energy of a particular Newton
diagram.

With reference to the sample Newton diagrams presented in Fig
ures B.1.A and B.1.B, when taking into account the rotational inclasticity associnted
with a given DCS, it is first necessary to check whether any tangents to the e, cir
cle in the Newton diagram exist. This is necesary to restriet the range of possible
laboratory angles, and to prevent the Jacobian factor from tending to infinity at
such tangents. Also, for very inelastic DCS’s it is possible that for cach lnboratory
angle there can be two corresponding c.m. angles. Figure B.1.A and B.1.B show
Newton diagrams with examples of the several different cases that can exist, and
that must be accomodated in the transformation.

After establishing all parameters dictating this particular Newton dia-

gram, a loop is entered to convert the c.m. angle and intensity to a laboratory-frame
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Figure B.1a Newton diagram showing a case where there is a one to one mapping of labo-
ratory angle to c.m. angle such as for laboratory angles a), a3, and a3. The
example here is for the elastic j = 0 — ;' = 0 transition, but could be for any
transition with a final HF velocity greater than the velocity of the c.m. (i.e.,
a Newton circle containing the laboratory origin in its interior).
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Figure B.1b Newton diagram showing a case where there can be either no corresponding
c.m. angle for a given laboratory angle (i.c., §)), or there can be two c.m. angles
(71 and %) for a particular laboratory angle (83). This situation can only
occur for a highly inelastic transition where the HF c.m. velocity i lenn than
the velocity of the center-of-mass itself.
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angle and intensity. The loop is as follows. cycle through the 81, grid. For each
6)a1, find the corresponding 8cm. (Note that there may be zero, one or two Ocm-)
Use interpolation to determine the c.m. DCS at this particular 8.p. Determine the
Jacobian factor® for this particular 8y,), < 6.m combination, and use this Jacobian
factor and the energy flux intensity detection factor to convert the c.m. intensity to
the laboratory intensity. This loop is continued for all 6y,.

The energy flux intensity detection factor is designed to reflect the
change in laboratory frame velocity the primary beam particles experience when
scattering through any non-zero angle. It is defined as the ratio of the sum of the
incident energy at any angle upon the bolometer (i.e., the sum of the kinetic energy
plus the heat of adsorption on the cold bolometer surface) divided by the sum of
the incident energy (i.e., kinetic plus adsorption) upon the bolometer at 0°and no
rotational inelasticity. By definition, if no scattering event occurs, then the energy
flux intensity detection factor is equal to unity.

The calculation now progresses to the next Newton diagram where the
checking for tangents and looping over 8y,, is repeated. Each laboratory-frame DCS
obtained in this way is multiplied by the weight of each particular Newton diagram.
After cylcling through all of the Newton diagrams, the weighted laboratory DCS’s
are summed together at each desired laboratory angle. The result to this point
is a laboratory-frame DCS for a particular j — j' transition averaged over the
collision energy distribution and the individual beam velocity and angular spreads.
A summary of the transformation scheme is outlined in Table B.3.

The experiments conducted did not measure the laboratory-frame DCS
for a particular j — j' transition, but rather they measured the DCS for transitions
from any j to a particular j'. To reflect this, the calculated laboratory DCS’s for the
transitions from all j to one j' are weighted by the initial rotational state population
(i.e., the distribution of j states in the incident beam), and these weighted DCS’s
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Table B.3 Summary of Center-of-Mass to Laboratory Trausformation

Obtained from either IOSA or close-coupling is the center-of-mass DCS for a par-
ticular j — j’ at 4 different collision energies. Represent this by

I(0cm (1), Erel(");j —j').

Construct an outer loop over the Newton diagrams, and an inner loop over the desirad laboratory
angles set up via a grid. Using the FORTRAN notation for looping, the scheme is represented as

D0 100 I=1,08D Loop over the vector of Newton diagrams.
(1.) Do an interpolation over the array of (8., (t), Frer(nlij —* 7' 10 get a veetor of
1(8em (i), Enpgr:d — J').
DO 200 J=3 ,BTELAB Loop over the vector of lab angles xet up by the grud.
(1.) Consider the rotational inelasticity represented by the j --» §' transition. Use
geometry on Newton diagram #1 to determine 0:'“ which corresponds to t,,.(83).
Note that there may be 0, 1, or 2 8. found at this step.
(2.) Interpolate over the vector of I(8., (i), Enngiij — i) to get
16, Enparii — i').
(3.) Multiply this scalar by the Jacobian and flux intensity transformation factors to
obtain 1046, Enpgiij — J').
(4.) Properly weight this quantity 1(6.p, Enngiid — 7') by multiplying it by the
statistical weight of Newton diagram # 1.
200 COSTINNE
100 COSTINNE

The result obtained thus far is stored as a two dimensional array 1(014p, Fnpij - i) A sunmina
tion over the index representing the Newton diagram energies (a third loop) provides the enemy
averaging needed to give I(0),y, E; j — j').

Weighting each 1(#1a0. E; j — j') by the population distribution for rotational state j, and doing
a summation over j (a fourth loop) gives 1(6,, E;j'). The last type of averaging applied, is over
the detector angular resolution to reflect the finite size of detector apertures.

A ORISR

are summed together at each laboratory angle to get a laboratory frime DCS with

a specified final rotational state and averaged over all initial rotational states.
The last type of averaging done takes into account the finite angular

resolution of the bolometer detector, which is assumed to be a cos? function with

an angular full width at half maximum (FWHM) of 3.11°.

NOTE: We suspect that an error has been made in the energy flux intensity detection factor

mentioned above. This aapect of the calculation is currently under investigation
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UNPUBLISHED EXPERIMENTAL DATA

Chapter 3 reports an HF molecular beam produced by seeding HF ina
strong beam of He. The purpose was to produce an HF beam with a higher velocity
and narrower velocity distribution than can be obtained under unseeded expansion
conditions. As a consequence of the higher HF velocity, the collision energy will
also be higher than for unseeded conditions. This allows for a much higher energy
of the repulsive part of the interaction potential to be probed.

A series of crossed beam experiments with HF (seeded in He) and seat
tered by Ar, and pure HF scattered by Ar were performed before the set of exper
iments resulting in the published data of Chapter 4. This original data was not
published when it was discovered that some experimental conditions were not opti-
mized. (In particular, the secondary Ar atomic beam nozzle skimmer distance was
too small, resulting in a loss of Ar beam intensity and too a great pressure iuside
the scattering chamber.) Comparison of low energy (~120 meV) seattering results
from before and after the discovery of the incorrect Ar beam conditions show that
the incorrect Ar beam conditions produce only a slight difference in DCS shape,

_along with a degradation in signal to noise quality. Since the unoptimized Ar bean
has only resonably small effects upon the DCS shape, it is felt that the high energy
(~330 meV) scattering done with the seeded HF beam has qualitatively correct
results. These results are presented here for the first time.

Table C.1 presents the sceded and unseeded HF moleenlar heam con-

energy DCS’s. Table C.2 presents the seeded HF molecular beam rotational dis-
tribution (generated from data present in Chapter 3.) Figure C.1 shows the com-

parision of the low energy DCS’s obtained both with and without optimized Ar
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conditions to show the qualitative retension of DCS shape. Figure C.2 shows the
high energy DCS’s obtained for j' = 0 and 1, and Table C.3 presents the same data

in numerical form.
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Table C.1 Molecular Beam Operating Conditions

Nozzle temperature (°K) 500£10
Thermostatic bath temperature (°C) 101+0.5
Nozzle diameter (mm) 0.10
Nozzle pressure (atm) 0.74
He seed gas flow (atm-cm®/min)

Nozzle-skimmer distance (mm) 14
Skimmer diameter (mm 0.73
Most probable velocity (km/sec) 1.21b
Velocity FWHM (%)ﬂl 0.21
Collimator diameter (mm) 2.41
Dimer/monomer signal ratio 0.06

Hj;n;wﬂ

S+ 10
~00+1
0.10
4.3
600
17
0.73
211
0.10

241

in reduced Ar beam intensity (~ 20% less) and increased seattering ¢

pressure (~9x10~® torr vs. ~3x10~° torr).

HF seeded

0.04

_Ar
302

0.30
0.64
I‘F,.I
1.03
0.56
0.079
2.00

0.004

haunber

b The corresponding most probable relative velocity is 1.31 km/see, with a FWHM
spread of 17%. The calculated collision energy is 120meV.

¢ The corresponding most probable relative velocity is 2.18km/see. The calenlated

collision energy is 330 meV.

4 For HF, this is the measured 2 = 21 : 20 ratio. Most likely this provides only a

spectrometer.



Table C.2 Seeded HF Beam Rotational Distribution
Population (%)*
46.8
39.6

9.8

29
0.9

& Calculated populations from data presented in Chapter 3.4.B.
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Figure C.1. Published low energy (~120 meV) HF +Ar differential cross sections (circlen)
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because of much pnuf signal-to-noise ratios.
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Figure C.2. High energy (~330 meV) HF+Ar differential cross sections obtained with an

ised Ar atomic beam.




Table C.3 High Energy ~330 meV HF+Ar DCS’s

Angle (deg) ;' =0DCS  Error Bar (%)° 7' =1DCS Frror Bar (%)

10 1000.0 17.54 1285.6 18.86

15 894.3 16.34 671.7 6.92
20 621.9 15.18 426.7 2154
25 465.0 17.27 354.3 2188
308.0 16.37 299.5 12,90
158.3 49.22 235.0 1L
76.2 67.71 194.1 20,84
57.8 71.18 137.1 3530

5888

* These error bars represent one standard deviation in the measured signal. They
have not been smoothed or convoluted with :.t:v other source of machine error.
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APPENDIX D - ADDITIONAL PUBLICATION

ANISOTROPIC REPULSIVE POTENTIAL ENERGY SURFACES FROM

HARTREE-FOCK CALCULATIONS FOR HeCO; AND HeOCS!'

D.1 INTRODUCTION

The ab initio construction of reliable potential energy (PE) surfaces
remains a daunting task for most systems involving exclusively van der Waals in-
teractions. This has led to the widespread use of semi-empirical models for their
characterization.! Perhaps the most successful of these, particularly for inter-atomic
potentials, have been models that add damped dispersion terms to a Hartrec-Fock
repulsive core. For the purposes of this paper, such prescriptions will be labeled
“HFD", whether the dispersion damping factors are those used by Scoles and co-
workers,? or those due to Tang and Toennics.® An alternative semi-empirical ap-
proach, somewhat related to the sum-over-sites parameterization that we adopt
here, is provided by the “test-particle” model of Ahlrichs and co-workers.!

For interactions between an atom and a molecule, HFD prescriptions
diatomic molecules.” ~!° Few attempts have yet been made to apply HFD models
to more highly anisotropic systems,'' and such PE surfaces have been obtained
instead by more purely empirical approaches.

Compared to other systems studicd in detail,'*+!? the HeCOy interaction
in particular is the most highly anisotropic due to the chain ci three heavy atoms.
For this system, empirical PE surfaces have been extracted from a wide variety of
ophysical

measurements, ranging from scattering and line-broadening data to therm

properties.3:14 Such a wide variety of stu: .es appears to be necessary, since the

1 A version of this chapter has been published.
M. Keil, L. J. Rawluk, and T. W. Dingle J. Chem. Phys. 96, 8621 (1992).
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directness and precision of bound-state van der Waals spectroscopy !t is unavailable

for his system. For HeOCS, available evidence!® substantiates chemical intuition,

is known about HeOCS, with only a handful of experimental vesults being available,
Implementation of HFD preseriptions require knowledge of the short
and long-range interaction potentials, even if these may be adjusted in subsequent
semi-empirical fits to experimental data. For HeCOy, both such components have
been generated.'® ~'® For HeOCS however, there are no Hartree Foek calenlations
available, and only the leading Cs terms are available for estimating long range

interactions.13:1?

The purpose of this paper is to presen Hartree Fock ealeulations for
HeOCS. For comparison purposes, we have simultancously performed ealeulations
for HeCO,. Such a comparison can help establish the particular role played by the
asymmetry of OCS in its repulsive interaction with He.

Results of the Hartree-Fock caleulations are presented in See. 1 of this
paper. These are fitted to parametric forms involving sums over atom atom interie
tions, yielding PE surfaces that are suitable for dynamical ealeulitions. In See 111,
we compare pressure-broadening measurements and caleulations for infrawved and
Raman transitions of CO; and OCS diluted in He. Alone amongst experiniental
properties available for these systems, the pressure-broadening results are insensitive
to the weak van der Waals attractions,!® while being caused by rotationally inelastic
collisions and therefore sensitive to the anisotropy of the repulsive core. Compar
ing the experimental results?® =% to those caleulated for the pressure broadening
therefore provides a first test for the overall reasonableness of the present repulsive
PE surfaces. Further tests for the sensitivity of the pressure-brondening data to the

PE surface are also described in Sec. 111



D.2 POTENTIAL ENERGY SURFACES

The co-ordinate system used is depicted in Fig. D.1. For the dynamical
culenlations to be presented in See. I, the molecular centre-of-mass is the most
appropriate origin. On the other hand, the PE surface is parameterized in terms
of co-ordinates for the He relative to each atomic site of the molecule. The (r;, ;)
co-ordinates with respect to each atomic centre ¢ are obtained geometrically from

the (r,v) centre-of-mass co-ordinates as

r, = (r-2 + g.f —2rz, c‘nsﬂ”z and v, = cos™! (w) \ (D-1)

Ty

where z, is the position of each atomic centre (i = 1,2,3) relative to the molecular

centre-of-mass. These positions are taken from the experimental bond lengths in

each molecule,24

D.2.A. Hartrec-Fock Calculations
Hartree -Fock SCF calculations for the HeC0O; and HeOCS interaction
energies were carried out using the GAMESS?® and SPDFG?® programs on the AM-

DAHL 5870 and FPS 164 processors at the University of Alberta. As in our car-

an (11s) basis of Van Duijneveldt?® contracted to (7s) and supplemented with four p
functions to give the basis set (5111111/1111). The energy for the isolated He atom
using this basis was —2.8616730E,, compared to —2.861680E, from numerical
Hartree ‘Fock calculations.??

The basis sets for the carbon and oxygen atoms were (145 10p) well-
tempered basis sets of Huzinaga and Klobukowski’® contracted to (7s6p) and
supplemented with three d functions to give a (7s6p3d) basis of the form
(5671111/511111/111). In all three basis sets, the exponents of the p and d functions

were the same as some of the exponents of the s set for faster calculation of the two
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Figure D.1: Co-ordinate system used for the HeOCS sum-over-sites potential parsineteri-
sation. The geometric centre, used for the i = 0 terin appearing in Fan. (1) 2),
is shown by a small tick to the right of the molecular centre-of-muss (cm).



electron integrals. These basis sets were the same ones tested in extensive caleula-
tions reported by Dingle et al®' on a variety of first row diatomics. For example,
the total energy of the CO molecule was calenlated to be ~ GmEy above the value
of obtained from numerieal Hartree Fock calenlations.?? Thus, these (75 6p 3d) sets
were close to the Hartree Fock limit, and they gave values for other propertics which
were very close to those obtained from larger basis sets.

The Hartree Fock SCF encergy for the isolated CO, molecule is caleu-
lated to be —187.717 13 E,, with the above basis sets. This is also ~ 6 mEy, above the
4

SCF energy of —187.72281 E,, calculated by McLean and Yoshimine™ using Slater

double zeta basis sets plus 3d and 4f functions. Similarly, Knowles et al.? obtained
—187.722 71 E,, using basis sets of (155 9p4d 2f) contracted to (1156p3d1f). The
latter two calculations are fairly close to the Hartree-Fock limit. Thus, the CO;
result using the (7sGp3d) basis is high by about the same amount as for the CO
calculation, indicating that the accuracy of these calculations is about the same.
For the S atom in OCS, a basis set of well-tempered functions, (17s 13p),
was contracted to (9s 8p) and supplemented with 3d functions to give a (95 8p3d)
were again made the same as some of those in the s set using guidelines from the
work of Dingle et al.®' Although this basis has not been tested as rigorously as
that of the C and O atoms, we have used a similar basis for Ar in trial calculations
on the HeAr interaction.®® In this case, the isolated Ar atom had a calculated

energy ~ 5mE, higher than the numerical Hartree-Fock results.?® For comparison,

O bauis sets above, were only ~ 0.2mE, higher than the corresponding numerical

results.?” This indicates that the (9s 8p 3d) basis used for S is not quite as close to

The Hartree-Fock energy for an isolated OCS molecule is calculated
to be —510.34704 E} using the above basis sets. This is lower than the value of
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—510.33086 E) reported by McLean and Yoshimine,™ who used a very slightly
different geometry and Slater double zeta basis sets plus 3d and 4f functions. Both
these values are lower than other SCF calculations using gaussian basis sets, b7
but our value is probably still ~ 10mEy or more above the SCF limit.

For the HeCOQ; interaction, a total of 21 geometries were chosen for the
SCF calculations, while a total of 44 such geometries were chosen for HeOCS, We
chose these geometrics so that the calculated interaction energies wonld lie fairly
evenly-spaced (on a logarithmic scale) in the range TmeV — 2¢V. For HeCOy, we
used a 45° angular grid from 0° — 90° between the He atom and the moleenlin
axis. For HeOCS, this angular range extended from 0° — 180°. Expecting a more
complicated structure of the PE surface to emerge near the carbon atom, we vedueed
this grid to 15° in the vicinity of the perpendicular orientation. The results of
all these calculations are assembled in Tables D.1 and D.2, and are displayed in
Figs. D.2 and D.3. Several more calculations for HeCQOs, not shown in Tuble D1 or
Fig. D.2, were performed for interaction energics below 1meV. At sufticiently buge
distances, some of these calculations yiclded very slightly negative (-1 < 10 L O
-0.01meV) SCF interaction energies. With various uncertainties accunmbnting
in such calculations (as discussed below), it was difficult to say whether any of
these negative values were real, and they were not included for any of the fitting
calculations conducted in Sec. 1I1.

Also displayed in Fig. D.2 are results from a comparable calenlation for
HeCO,, as reported by Stroud and Raff.'® Their He basis set, (Gs) contraeted to
(1s), was one given by Huzinaga,*® and their C and O basis sets, (105 4p) contracted
to (3s 2p), were taken from the GAUSSIAN 70 package.?” These results are in overall
agreement with the present calculations, but they exhibit a steeper repulsive wall.
There are also significant disagreements for the larger distances, corresponding to
the weakest interactions, where our values are higher except for the 90° appronch.
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Table D.1 Hartree-Fock Calculations and Fitting Results for HeCO;

well- tempered basis set (present work)

re (A)n Vl,”lmf?v) "fﬁl(nu:vﬁ A‘,’llliéﬁl ((}.: )
2.7497 1355. 1360. -0.4
3.2788 156.2 154.6 1.0
3.8080 16.38 16.12 1.6

) 4.3372 1.545 1.542 0.2

45 2.2205 1380. 1387. =0.5

45 2.7497 215.5 223.6 -3.8

45 3.2788 29.32 30.59 -4.3

45 3.7419 4.730 4.826 =20

45 4.0006 1.637 1.655 -1.1

60 1.9050 1454. 1386. |

60 2.8576 52.30 52.42

60 3.7042 2.024 1.980

60 3.8101 1.327 1.289

[f4) 1.7992 931.3 910.1
79 2.6459 42.84 41.57
75 3.4397 1.844 1.795
20 1.5875 1385. 1406.
92 2.1167 205.6 211.0
20 2.6459 25.65 25.43
%0
2%

I
B3 b

3.1751 2.789 2.785
3.3497 1.288 1.335

; I
| ROOo—~ NS
| S rs D VA =] LD DI DI =]




Table D.1 Continued

6 31G basis set (Ref. 16)
1 (deg)  V"(meV)  AVIFINE (%)
( 1378. o

0 1.162 =25

60 1617. 11

41

I
=
=
-
-1
o

90 1654. 19

* Angles and distances ar¢ measured as in Fig. D.1, with the origin centred on the
carbon atom, co-inciding with the molecular centre-of-mass,

b Calculated from Eqns. (D-2 and D 3) using the parmmeters appeating, in Tar
ble D-3.
¢ QOverall standard deviation is 2.4%.



Table D.2 Hartree-Fock Ca[culatiqgg and Fitpégg Resultr;swfc::r 7EQCS !

ye (deg) e (A VHF(meV)  V¥(meV)® AV (%)

0 2.7475 1382. 1409. =20

0 3.2767 159.6 159.9 -0.2

0 3.8059 16.77 16.65 0.7
4.3351 1.582 1.591 -0.5
2.1961 1459. 13%4. 4.5
2.8046 171.1 170.4 0.4
3.4132 16.87 16.70
3.9953 1.651 1.558
1.9050 1462. 1387.
2.5136 178.9 181.1
2.8576 50.33 51.32
3.1221 18.39 18.71
3.8101 1.210 1.201
1.7992 1040. 1052.
2.6459 48.77 52.83
3.4397 2.155 2.320
1.5875 1770. 1739.
1.6892 1297. 1289.
2.2184 232.2 237.8
2.7475 39.03 38.38
3.2767 6.529 6.116 6.3
3.8059 1.102 1.010 84
105 1.8521 1334. 1222, 8.4
105 2.249%0 450.8 420.1 6.8
105 3.0428 46.13 43.55 5.6
105 3.8365 4.082 3.952 3.2
120 2.2755 1214. 1171. 3.6
120 2.3813 935.8 910.0 2.8
120 3.0692 147.6 151.4 -2.6
120 3.2544 86.38 89.76 -3.9
120 3.8101 16.14 17.15 -6.3
120 4.2070 4.636 4.895 -5.6
120 4.4980 1.823 1.886 -3.4
135 2.5930 1764. 1814, -29
135 3.2544 286.6 297.5 -3.8
135 3.8895 40.12 41.96 -4.6
135 4.5509 4.575 4.611 ~0.8
135 4.8155 1.881 1.830 2.7
150 4.8949 3.015 2.725 9.6
180 32767  1795. 1893, 5.4
180 3.8050 291.0 2778 45
180 4.3351 40.11 38.40 4.3
180 4.8642 4.946 5.003 -1.2

(=

et D ke SN SN e

=S~ S
-] e I O e T S e O
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Continued



* Angles and distances are measured as in Fig. D.1, with the origin centred on the
carbon atom located 0.523 A from the molecular centre-of mass.

b Calculated from Eqns. (D-2 and D 3) using the parameters appearing in Ta
ble D-4.

Qverall standard deviation is 4.5%.

"
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Figure D.2: Results of the present Hartree-Fock calculations for HeCO; (open symbols)
compared to those of Stroud and Raff*® (closed symbols). Angles and distances
are measured as in Table D.1. The curves use the best-fit PE surfaces obtained
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To clarify the source of the diserepancies with Stroud and Raff's results.
we conducted some further calculations. We first applied our programs to several
of the geometries they selected, using their basis sets. For example, with 5¢ = 60°
and r¢ = 2.000A we obtained 1172.80meV for VUF 4s. the value of 1172.04 meV
reported by Stroud and Raff. For a less-repulsive interaction at ¢ = 60° and
re = 3.700 A we obtained 1.11meV for VH¥ v, 1.13meV. Corresponding results
of more extensive trial calculations with the Stroud and Raff basis sets at a few
of our selected geometries are shown in Table D.1. These show chat our programs
can reproduce the Stroud and Raff results with a maxiumum crror of 2% in V!F,
It is therefore evident that most of the discrepancy between the present work and
Strond and Raff’s results is due to the basis sets chosen for the two caleulations.

A few points high up on the repulsive wall were also calculated by
Clary,!” again using the GAUSSIAN 70 package. For the 90° approach, his re-
sults match ours, but for the collinear approach they lie significantly lower, well
below even Stroud and Raff’s results. In this fairly strongly-repulsive region
above 100 meV, we would not normally expect such large discrepancies, and we
have no rationalization for them.

Amongst other causes for discrepancies between Hartree-Fock caleula-
tions, particularly low down on the repulsive wall, are effects of basis set superposi-
tion errors (BSSE). In the present calculations, the BSSE were calculated using the
counterpoise method of Boys and Bernardi,!! where the energy of one molecule is
recalculated including the basis set of the other molecule at the appropriate geom-
etry. This energy is used for the isolated molecule. No account was taken for BSSE
in cither of the other SCF calculations for HeCQO;. Again using the Stroud and Raff
basis sets, our trial calculations of BSSE corrections raise their results by ~ 15% for
the 60° geometry at large distances. Together with the larger corrections caused by
using the well-tempered basis sets, this accounts for the entire discrepancy observe
between the two calculations.




We also examined the effect of BSSE corrections for the present eal
culations. For the helium atom, the effect of the other basis sets s very small
(< 10~%E,), indicating that the He basis is saturated in the range of our ealen
lations. However, the He basis does contribute to the basis sets for the heavier
atoms. The BSSE for the HeCO; interaction, as a proportion of the calenlated
interaction potential, range from ~ 0.1% of the highly repulsive potential at 1eV,
to ~ 11% for larger distances that correspond to interactions of 1meV. There is o
very slight increase in the proportional BSSE as the He approach angle is changed
from broadside to collinear, indicating that the He basis set e atributes more to

the energy of the CO; molecule when it is at the oxygen end. For comparison,

to ~ 5%, ugain suggesting that the HeCQO; calculations are comparable in aceuracy
to the HeNe calculations. For the HeQCS interaction, the proportional BSSE rauge
from ~ 0.2% at 1eV to 10 — 25% at 1 meV, with the greatest BSSE ocenring ot
the oxygen end of the OCS molecule. This suggests the He basis set improves the
oxygen end of the molecule more than the sulphur end. Corresponding ealenlations
for the HeAr interaction®® also suggest that the He basis set does not contribmte
significantly to the sulphur (9s 8p 3d) basis.

There have been suggestions that the counterpoise procedure for BSSE
corrections over-compensates for the effect of the other basis*? With good basis
sets however, the BSSE is small and the counterpoise correction probably makes
it smaller. Various methods have heen suggested for making corrections to the
counterpoise method, and some of these have heen compared in ealeulations on the
ArH; system.*? In Hartree-Fock calculations, the counterpoise BSSE correction
reduces the minimum calculated at larger distances using the uncorreeted values
and in some cases eliminates them. At the SCF level, the other correetion methods

produce minima of varying depths, but in all cases they are much wenker than



the uncorrected value, Such weak attraction is to be expected from Hartiee Foek
calculations, sinee they do not acconnt for the electron correlation that 1s responsible
for most of the attraction as dispersion terms.,

Differences between the various methods for correcting, BSSE hecotne
greatest at large distances where the interaction is small; henee, the connterpoise
method appears to remove the major part of the BSSE. I the present work, we ane
mostly concerned with the repulsive wall of the PE surface, so the effiet of any sueh
differences should be small. Ultimately, onr SCF caleulations will he mereesd with
a series of attractive dispersion terms, so simall ervors at laege distanees in the SCI
potential will be absorbed within errors due to the cinpivieal diping, funetions

used for such mergers.*?



D.2.B. Analytical Fitting
The PE surface is parameterized by summing up purely repulsive eon-
tribntions from the He atom to each of the three atomie sites (1 = 1.2.3) of the

maoleenle:

3
Vi) = Y Vir). (D=2

i?jﬂ

few dozen ¢V, The term is a strongly repulsive core whose range is so short that
it is completely negligible below ~ 10eV. It is centred mid-way between the end
atoms, making zo in Eqn. (D 2) the position of the geometric centre relative to the

molecular centre-of-mass. None of the 1 = 0 parameters are fitted.

Each site potential appearing in the suinmation of Eqn. (D 2) is given
as
Vilriy ) = n XD [—ag.ri = Boir! + (Azi — agiri) Py (cosv;)], (D =3)

with the r; and 7, atom-centred co-ordinates being obtained from the centre-of-
mass r and v co-ordinates using Eqn. (D-1). Several generalizations to the simple
Born-Mayer repulsion (V = Ae™®") are evident in these terms. Firstly, we have
added a quadratic dependence in the exponent to allow for the slight curvature
evident, even for spherically symmetric potentials, in semi-log plots of the repulsive
wall. More importantly for anisotropic PE surfaces, the Born-Mayer parameters
arc expanded in a Legendre series to Py, facilitating fits to the 7—orbitals on each
end atom.*? The inverse-power repulsive factor r=" is used only for the ¢ = 0 core
term.

The functional forua of Eqn. (D-3) allows up to six parameters for each
of the three atomic centres. Such a large number of adjustable parameters cannot
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justifiably be fit considering the hmited number of Hartree Foek points computed,
SO SOMNIE Testrictions are necessary.

For the HeCO, PE surface, we actually need to consider only two inde
pendent atomic centres, eliminating six parameters due to the molecuiae sy nnetry,
In addition, the carbon atom is somewhat buried between the oxyveens and we iy,
in a first attempt, eliminate the three I terms on the carbon. A standard deviation
of 2.3% (between the fitted and the Hartree Fock potential) is then obtained by
fitting the remaining nine parameters to the Hartree Fock ealenlations at 21 points,

Several attempts were made to further reduee the munber of titted pa
rametes. Ignoring the curvature in semi-log plots of the repulsive wall, we first
fixed 8 = 0 for both centres and for both Legendre terms (leaving six fre param
eters), but this noticeably degrades the fit to 6.7%. If we instead drop the carbon
atom’s relatively small contribution (still six parimmeters) the fit is completely an
satisfactory. Fixing #p = 0 just for the carbon (cight parameters) doubles the
imprecision. To avoid significant deterioration in the fitting quality, s minimnn of
three parameters apparently is required for the carbon centre,

Ultimately, we were able to eliminate only the /4, 0 parimeter for
oxygen, yielding an eight-parameter fit with an insignificant loss of precision (2.49%).
The resulting parameters, collected in Table D.3, are used in Tuble D.1 to compire
the fitted PE surface to the Hartree Fock calenlations. All the calenluted points
are reproduced to better than 5%. The high quality of the present fit is also evident
from Fig. D.2.

For HeOCS, all three atomic centres must be ineluded explicitly. Even
after eliminating the P; terms on the carbon and f#; paramecters on both the oxygen
and sulphur, there remain 13 parameters to be fit to the Hartree Fock enlenlations
at 44 points. This first attempt, even though unwieldy for fitting, yiclds a standard
deviation of 4.5%.



Table D.3 Parameters fitted to the HeCO; Hartree-Fock calculations*

parameter core _OXYEen _carbon

2

1 [Equ. (D 2)] 0 1.3
=" (A) 0.000 +1.1621 0.000
Ay, (V) 10.00 ¥94.7 26.1

g, (A1) 0.00 $.280 0.985
Moy (A% 0.00 0.155 0.501
Ay, 5.00 0.924 0.00
wa, (A7) 0.00 0.252 0.00
"' 12.00 0.00 0.00

* Potential parameters obtained by fitting to the Hartree Fock results are shown
in italies.
b Distance from the molecular centre-of-mass, taken from Herzberg.#?!

¢ Corresponding to r, in Equ. (D 3) having units of A.
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Comparing Figs. D.2 and D.3 underscores the chemieally reasonable
suggestion that the “oxygen-ends™ of the HeCOp and HeOCS Hartree Foek po
tentials are almost identical for 3¢ < 60°. Such a supgestion 15 nplemented
straight-forwardly using the sum-over sites parameterization of Fgno (D2, s
ply by transfering all the oxygen and carbou parameters obtamed from the Het€'O),
fitting results. Leaving only the five sulphur-centred pariameters, these fits to the
HeOCS calculations unfortunately degrade the precision substantially, 1o 8200 I
is apparent that site transferrability between molecules, though nseful, is imperfeet,

A reasonable compromise between high precision and o small parame
ter set might be obtained by inclnding the oxygen Ap and A, pavineters i the
fitting. This is justified by noting that A paramecters, o' dained from porely re
pulsive Hartree-Fock calculations, are usually adjusted by 10 20% i obtaining
semi-empirical potentials. It has been suggested that such adjustments are most
suitably applied to the A parameter, in that the neglected intra atomice correlation
and inter-intra coupling terms are nearly parallel to the Hartree Foek ealeulitions
(at least for HeH, NcH, and ArH**). The additional flexibility allows suall ad
justments to the repulsive wall position (but not its shape) at the oxypgen end.
Unfortunately, this seven-parameter fit provides no improvement over fitting just
the five sulphur-centred parameters.

The greatest difficulty with these fits occur near the earbon atom (75 -
vc < 105°). Including just one of the carbon parameters in the fitting improves
the precision markedly. Repeating the above: argument, that additional pariameter
ought to be the carbon Ay. An even better choice, suggested by the curvature
evident in Fig. D.3, is evidently provided by fitting the carbon fy paratpeter instend,
This eight-parameter fit yields a precision of 4.5%, just as good as the original
13-parameter fit. The resulting parameters, collected in Table D.4, are nsed in
Table D.2 to compare the fitted PE surface to the Hartree Fock ealenlations. All
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the calenlated points are reproduced to betrer than 10%. The precision of 1
present fit ean also be judged from Fig. D.3.

Our best fit Hartree Fock PE surfaces for HeCOy and HeOC'S are she
as hemispherieal contour plots in Figs. D.4 and D.5, respectively.

It is worthwhile comparing the efficiency of the present sum-over
model to other parameterizations. The HeCO, and HeOCS PE surfaces ar
viously sufficiently anisotropic that simply expressing the potential in a Legens
expansion would involve far too many terms for meaningful fitting. A popr.
and productive alternative has been to expand the potential parameters instead. !
For HeCl()y, fitting to a six-parameter (Ag, Ay, 09,02, a4, By) expansion potential is
quite poor (10.4%) and significantly less precise than the six-parameter sum-over-
sites fit obtained above (6.7%). For HeQCS, the parameter expansion algorithm is
cven less appealing sinee odd-order Legendre terms must be included. Even with

Future improvements to the sum-over-sites parameterization may be
guided by noticing that, in all cascs, the (A, a, ) parameters are highly correlated
for a single site and for a single Legendre order. Corresponding correlations between
sites, or between Legendre orders on the same site, are quite small.

Finally, we note that using the sum-over-sites parameterization is indis-
pensable to fitting the HeOCS PE surface in a manageable way. Comparing Ta-
bles D.3 and D.4 suggests that transfering parameters from one site of a molecule to

the same site in a similar molecule can yield reasonably precise results. Of course,

the clectronic structure and equilibrium geometries of CO; and OCS, so our ex-
perience with transferability may be somewhat selective. Nevertheless, the present
parameterization has obvious appeal for larger molecules. Furthermore, as we will
explore seperately,® it may also be rather precise for obtaining van der Waals in-
teraction potentials for vibrationally excited molecules, since such PE surfaces can
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Table D.4 Parameters fitted to the HeOCS Hartree Fock caleulations®

parameter _core oXYgen carbon sulplnr
i [Eqn. (D 2)] 0 1 2 3

=P (A) +0.323 }1.683 +0.523 103y
Ao.i (¢V) 10.00 $66.6 2.1 J16.

ag, (A1) 0.00 3.230 (0.8 SN
Boq (A72) 0.00 0.155 0.675 0107
A, 6.00 0.429 0.00 0319
az; (A71) 0.00 0.252 0.00 (0L387

n;* 12.00 0.00 0.00 000

* Potential parameters obtained by fitting to the Hartree Foeck results are shown
in italics. Parameters transferred from the HeC'O, fitting i Table D23 e an
derlined.

b Distance from the molecular centre-of-mass, taken from Herzberg ??

¢ Corresponding to r, in Eqn. (D 3) having units of A
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He—cm distance (A)

Figure D.4: Contour plot for HeCO;. Contour intervals are from 1 meV, increasing by
factors of 10, to 10V,
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He—cm distance (&)

Figure D.5: Contour plot for HeOCS. Note that the origin is placed at the molecular coentre
of-mass. Contour intervals as in Fig. D 4.
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naturally be expressed by summing over sites that are moving. rather than being

17

fixed at their rigid-rotor positions.

275



for OCS have also been reported and diseussed . *V All these mcasmenients were
conducted at room temperature. Sinee these data are almost entively independent
of attractive contributions to the PE surface! the present sum over sites repulsive
PE surfaces ought to provide estimates for comparing to the measured pressnre
broadening rate coeflicients.

We have used the infinite-order sudden® approxinsation (10SA) for eal
culating the infrared and Raman pressure broadening rates. ™ The TOSA oneht 1o
be reasonably reliable for the two systems considered here, with their low redueed
mass, large moment of inertin, and steeply repulsive PE surfaces. We deserilwe
the computational details very briefly, using Pack’s terminolopgy. ™ Al the com
putations treat the molecules as rigid rotators, though the infrared measurements
are for vib-rotational transitions (the Raman measurements are for pure rotational
transitions).

The large rotational states involved in the experiments necessitate per
(twenty for HeCO;) using JWKB phase shifts for computational eflicieney. Ouly
four collision energies are needed for Boltzmann averaging over the general relax
ation cross sections. Trial calculations for comparison to Pack’s results™ yield
calculated relaxation cross sections and pressure-broadening rate coeflicients that
are identical over the 5 — 1000 meV and 200 — 450K energy and temperature ranges,
respectively.

Calculated pressure-broadening rate cocfficients for the HeCOy and
HeOCS sum-over-sites PE surfaces are shown in Fig. D.6, and are compared to the

available experimental data. The present PE surfaces are reliable enough to provide
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high), exeept for falling systetatically below the HeCO, Raman measarements.
As disenssed on g previous oceasion,' the Raman and infrared pressure-broadened
linewidths depend on the PE surface in very similar ways, so this diserepaney may
linewidth measurements or difficulties with the dynamical assumptions.

We note that the present calenlations for HeCO, give virtually identieal
results to those obtained from a semi-empirical PE surface.!? This refleets the simi-
lurity between the present Hartree Fock caleulations and those of Stroud and Raff.
at least for interaction potentials above ~ 10meV (Fig. D.2). For HeOCS., the
only other ealculated pressure-broadened linewidths lie a factor of two below the
corresponding measurements, and the present results provide clear improvements,

It is evident from Fig. D.6 that the calculated HeC O, linewidths are
considerably smaller than those for HeOCS (0.115cmn~! Jatm vs. 0.159 cn~! Jatin
respectively, for large j,). It is interesting to examine the origin of this differeuce.
In the 10SA, the assumption of degenerate rotational levels renders the moment of
inertia irrelevant; in collisions with the light He atom the reduced mass for HeCO,
and HeOCS differ by only 2%. Therefore, the 40% larger linewidths for HeOCS
must arise from contributions due to the mass asymmetry (i.e., the displacement
between geometric or atomic centres and the molecular centre-of-inass) and to the
potential asymmetry (i.e., the difference between the oxygen and sulphur ends of
the PE surface).

To distinguish between these contributions, we repcated the line-
broadening calculations, replacing the sulphur-centred parameters with the cor-
responding oxygen-centred values. This “shifted HeCO,;” PE surface—synunetric
about the yc = 90° axis but not about the ¥ = 90° axis 0.523A away—yields
widths displayed in Fig. D.6. The results show that

the pressure-bro
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Figure D.6: Pressure-broadening rate coefficients for He(:0Oy and HeOCS at roomn tennera
ture. Available experimental measurements are shown as open symbols, while
calculations using the I0SA and the fitted PE surfaces are shown as solid
curves. The data are taken from Brimacombe and Reid?? (()); Abrams’"
(A); Herpin and Lallemand?' (< ); and Broquier et al*® (7). ‘The dotted
curve for HeOCS infrared linewidths is calculated from a “shifted Het:0O,"
PE surface obtained as deacribed in the text. Note that the hinewidihs are
given as full widths, whereas some authors use half-widths.
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only ~ 35% of the inereased linewidth in going from HeCOz to HeOCS is due to
the asymmetric mass distribution. The majority of the inerease is due instead to
the mueh larger repulsion at the sulphur end of the moleenle. Accurate pressure

broadening measurements for HeOCS would therefore provide an important probe



D.4 SUMMARY
Accurate Hartree Fock ealeulations are performed for purely vepulsive

interactions of He with CO, and OCS. Caleulations for both systems are repro

PE surfaces that sum over interactions between the He atom and each atomie site
of the molecule. This sum-over-sites expression requires fewer titted pavameters
than other parameterizations that we have tried. This is partially becanse some
parameters may be transferred between atomie sites of ditferent moleeulos. Chem
ically reasonable and useful extensions of the sum-over-sites pariameterization are
discussed.

The repulsive anistropies of the fitted PE surfaces ave tested hy eom

is obtained. For van der Waals interaction involving He, very little of the pressure
broadened linewidth is caused by the anisotropy of the weak attractive well.'™ Con
sequently, reasonably accurate predictions of such linewidths are possible using
straight-forward Hartree-Fock quantum chemistry caleulations in conjunetion with
IOSA dynamics on a sum-over-sites PE surface. The difference in linewidths be
tween HeCO; and HeOCS is separated into contributions due to the asymmetrie
mass distribution and increased anisotropy at the sulphur end. The latter, more
interesting contribution, is responsible for most of the linewidth inerease: more ae
curate line-broadening measurements would likely improve characterizations of the

HeOCS potential anisotropy.
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