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Abstract

The Stark field perturbed spectra of near infrared vibrational overtones of hydrogen
fluoride and acetylene have been measured with a high resolution molecular beam laser
spectrometer. A high performance laser power build-up cavity (optical resonator) was
constructed to measured the weak ro-vibrationa! transitions of the v, +3v3 vibrational
combination band of acetylene. The measured gain of the build-up cavity was found
to be at least 300 out of a potential 2000. The primary reason for the lower than
expected gain was attributed to losses induced by the extreme heat build-up on the
mirror surfaces.

The electric dipole moment for the v = 3 vibrational overtone of hydrogen flu-
oride was determined to be 1.9614 + 0.0021 Debye. This result was compared with
predictions from the available theoretical models and some theoretical constants were
revised based on the current contribution to dipole moment function of hydrogen
fluoride.

The Stark field perturbed spectra of the v; + 3v3 and 2 + 3v; vibrational combi-
nation bands of acetylene were analysed for their polarisability tensors. In order to
complete the study, the ground electronic state static polarisability and anisotropy
of the polarisability were also determined. They were found to be 3.96A3 and
1.071 + 0.014A3, respectively. The |1030°0°) state (v; + 3vs) was observed to be

coupled with the |0040°0°%) infrared forbidden state (4v3) in the presence of the Stark
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electric field. The resultant analysis produced values of 4.62 + 0.0943 for the polaris-
ability and 1.15 4 0.03A2 for the polarisability anisotropy of the |1030°0°) state. The
difference in energy between |1030°0°) and [0040°0°) was determined to be 4.133 cm™!,
which compares well with local mode calculations. é

The measurements of the v, + 313 band indicated that the [0130°0°) state was
strongly coupled with another infrared allowed, unidentified (rogue), state in the
absence of the Stark field as well as with the infrared forbidden, {1120°0°%) state in
the presence of the Stark field. The previously unobserved J = 5 « 4 transition of
the infrared allowed rogue state was recorded here for the first time. The Stark field
perturbed spectra of the R(3) and R(5) ro-vibrational transitions of the v, + 3v3 band
also showed evidence of rogue transitions. The ensuing analysis determined that the
|0130°0°) state has a polarisability of 3.5 & 0.3A43 and a polarisability anisotropy of
5.6 + 1.8A3. The Stark field perturbed spectra of the R(3) and R(5) transitions were
fit to a non-crossing model and the energy levels of the rogue J = 4 and J = 6 states
were determined. The energy level difference between [0130°0°) and |1120°0°) was
determined to be -11.884+0.22 cm™!. This does not compare well with local mode
calculations and it is possible that the perturbations due to the presence of the rogue
state impeded the accurate determination of the energy level difference. The identity
of the rogue vibrational state could not be determined from the data presented in this
thesis alone. However, collaborative work with another research group suggests that

the rogue vibrational state is |0306°3") (see Chapter 7).



iv

Examiners:

Dr. T. E. Gouglt, Supervisor (Department of Chemistry)

Dr. W. J. Balfour, Departmental Member (Department of Chemistry)

Dr. D. A__Harrineten. Departmelal Member (Department of Chemistry)

D7. J. M. Ronev. Qutside Mémber (Department of Physics & Astronomy)

Dr. M. C. L. Gerry, Exttrnal Examiner
(Department of Chemistry, University of British Columbia)



Table of Contents

Abstract ii
Table of Contents v
List of Tables viii
List of Figures ix
Acknowledgements xiii
Dedication xv
1 Introduction 1
1.1 Vibrational Overtones . . ... .. .. ... .............. 1

12 TheStarkEffect . . ... ... .. .. ... ... ... ... 8
1.2.1 The Electric Dipole Moment . . . . . ... ... ........ 9

1.2.2 The Electric Dipole Polarisability . . ... ... ........ 14

1.3 Thesis Qutline. . . . . . . . o i i i i it e e e e e e e e e e e e e e 21



TABLE OF CONTENTS

2 Experimental Details

2.1 The Molecular Beam Apparatus . . . . .. .. .. ... ........
2.2 The Cryogenic Bolometer Detector . . . ... ... ..........
23 TheStarkCell . ... .. ... . ... ... . ...
2.4 The Laser System and Experiment Controls . . .. ... ... ....

3 The Laser Power Build-up Cavity

3.1 Preamble . ... ... ... ... ... e
3.2 Introduction . . . . . . . . . .. . e e e
3.3 Design and Construction . . . . . . .. ... ... ... ......
3.4 Electronic Feedback Controls . . . .. ... .. ............
3.5 Resultsand Discussion . . ... .. ...................
3.5.1 Build-up Cavity Diagnostics . . . ... ... .. ........
3.5.2 Build-up Cavity Performance ... ... ............
353 Build-upCavityGain. . ... ... ... ............

4 Hydrogen Fluoride

4.1 Introduction . . . . . . .. .. . . . .. e
4.2 Experimental Results and Data Analysis . . . . ... ... ......
43 Discussion . . . . . . . .. L.l e e e e e e e e e

5 Acetylene v, + 3u45

5.1 Imtroduction . . . . . . . . . . i i e e e e e e e e e e e e e e e e e

vi

23

23

27

31

31

36

36

37

38

45

45

51

52

58

58

61

66

76



TABLE OF CONTENTS

5.2 ExperimentalDetails . . . ... ... ... ... ... ... 0.
53 Results . . . . . . . . . . . . e e e e e e e e e e e e e
54 DIiSCUSSION . . . & &« « & o i e e e e e e e e e e e e e e e e e e e e e

6 Acetylene v + 315
6.1 Imtroduction . . .. .. .. ... ... ... ... ...
6.2 ExperimentalDetails . . ... ... ...... . ... .. ......
6.3 Results. ... ... .. ... ... .. . ... .
6.3.1 The R(3) Ro-vibrational Transition . . . . . .. ... ... ..
6.3.2 The R(4) Ro-vibrational Transition . . . ... ... ... ...
6.3.3 The R(5) Ro-vibrational Transition . . . . . .. ... ... ..
6.4 Discussion . . . .. . . ... .. . e e

7 Summary and Conclusions

Bibliography

vil

78

82

94

94

96

97

101

110

111

119

145

151



viil

List of Tables

4.1

4.2

4.3

4.4

4.5

5.1

6.1

6.2

6.3

6.4

6.5

6.6

Experimentally Measured Dipole Moment for Hydrogen Fluoride . . . 67

Experimental and Theoretical Dipole Moments for Hydrogen Fluoride 70

Numerical Expressions for P; as a Functionof M; . . . ... ... .. 72
Comparison of the Literature and Present Valuesfor P; . .. .. .. 72
Analytical Expressionsfor P; . . . ... ... ... .......... 73
Experimental Results for the [1030°0°) State of Acetylene. . . . . . . 84
Polarisabilities for the [0130°0°) State of Acetylene .. ... ... .. 101
Field Dependent rogue and normal Line Positions for R(3) . . . . . . 109
Field Dependent normal Line Positions for R(4) . . . . .. ... ... 116
Field Dependent rogue Line Positions for R(4) . . . .. ... ... .. 117
Field Dependent rogue and normal Line Positions for R(5) . . . . . . 125
Data Extracted From rogue Transitions . . . . . . ... ... ... .. 141



ix

List of Figures

1.1

1.2

1.3

2.1

2.2

2.3

2.4

3.1

3.2

3.3

3.4

Benzene C-H Stretching Vibration Band Centres Fit to Local Mode

Rotational Energy Levels and Transitions for a Dipole Moment Driven
Second Order Stark Effect . . . . . ... ... ... .......... 12

Ro-vibrational Energy Levels and Transitions for a Polarisability Based

Second Order Stark Effect . . . . . .. ... ... .. ......... 19
The Molecular Beam Apparatus . . . . . ... .. ... ........ 25
The Bolometric Detector System . . . . ... .. ... ........ 30
Stark Cell . .. .. .. .. . . . . e e e 32
Experimental Setup . . . . . ... . .. ... ... oL 34
Cross-section of the Build-up Cavity . . ... ... .......... 40
Transmission Curve of Build-up Cavity Mirrors . . . . .. ... . .. 41
Build-up Cavity Optical Layout . . . . .. .. ... ... ....... 43

Build-up Cavity Modes . . . . ... .. .. ... .. ... ..... 46



LIST OF FIGURES

3.5

3.6

3.7

3.8

4.1

4.2

4.3

5.1

5.2

5.3

5.4

5.9

5.6

6.1

6.2

6.3

6.4

6.5

6.6

X
Build-up Cavity Mirror Heating Effect . . . . ... .. ... ..... 49
Build-up Cavity Gain Comparison . . . . . . . ... .. ... ..... 54
Line Shape of Transitions Measured with the BUC . . ... ... .. 55
Frequency Modulation Dependence of Transition Line Shape . . . . . 57
HF v = 3 R(1) Stark Field Perturbed Spectrum . . .. ... ... .. 62
HF v =3 R(1) Stark Energy Levels . . . . . . .. ... ........ 63
Comparison of Theoretical and Experimental HF Dipole Moments . . 68
Stark Split Acetylene Spectrum . . .. ... ... ... .. ...... 80
Selection Rules for Stark Split Spectrum of Acetylene . . . . . . . .. 81
Field Dependence of the 14 + 33 R(1) Stark Split Spectrum . . . .. 83
Coupling Diagram for 04~ and 04+ States . . ... .. ........ 86
Fit of the Experimental Results to the gerade-ungerade State Coupling

Model . ... . . . . . e 91
J Dependence of Polarisability Tensor Components . . . . . ... .. 93
Stark Field Perturbed Spectra of v; + 3v3 R(0—7) of Acetylene . .. 99
Comparison of “Normal” and “Abnormal” Stark Split Spectra . . . . 100

Stark Field Dependence of v; + 3v3 R(3) Spectra, 72.0-118.1 kV/cm . 103
Stark Field Dependence of v; + 313 R(3) Spectra, 119.3-125.9 kV/cm 104
Stark Field Dependence of v; + 3v3 R(3) Spectra, 127.1-150.2 kV/cm 105

Stark Field Dependence of v; + 3v3 R(3) Spectra, 151.5-158.3 kV/cm 106



LIST OF FIGURES xi

6.7

6.8

6.9

6.10

6.11

6.12

6.13

6.14

6.15

6.16

6.17

6.18

6.19

6.20

6.21

6.22

6.23

6.24

6.25

Stark Field Dependence of v, + 3u5 R(3) Spectra, 162.5-182.0 kV/cm 107
Field Dependence of the normal and rogue Peaks in the R(3) Stark

Split Spectrum . . . . . . .. ... ... e 108
Stark Field Dependence of v, + 3v3 R(4) Spectra, 0~73.3 kV/cm . . . 112
Stark Field Dependence of 12 + 314 R(4) Spectra, 85.5-116.0 kV/cm . 113
Stark Field Dependence of v, + 3v3 R(4) Spectra, 122.1-177.1 kV/cm 114
Positions of rogue and normalR(4) Peaks. . . . . . . . ... ... .. 115
Calculated R(4) Stark Split Spectrum of Acetylene at 177.1 kV/cm . 118
Stark Field Dependence of v, + 3v3 R(5) Spectra, 107.9-143.9 kV/cm 120
Stark Field Dependence of v, + 3v3 R(5) Spectra, 147.8-154.7 kV/cm 121
Stark Field Dependence of v, + 3v3 R(5) Spectra, 157.1-165.5 kV/cm 122
Stark Field Dependence of v, + 3v3 R(5) Spectra, 167.9-183.2 kV/cm 123

Field Dependence of the normal and rogue Peaks in the R(5) Stark

Split Spectrum . . . . .. ... ... e 124
Non-Crossing of the rogue and normal R(3) M States . . . . ... .. 127
Intensity Borrowing of rogue M =43 Peak ... .. ... ..... 128
Frequency Difference of rogue and normal R(3) Peak Positions . . .. 131
Non-Crossing of the rogue and normal R(5) M States . . ... .. .. 134
Line Positions of rogue and normal R(4) M States . . . . .. ... .. 136

Comparison of the Measured and Calculated R(4) Stark Split Spectrum138

Intensity Borrowing of rogue M =43 Peak . .. .. ... ..... 140



LIST OF FIGURES

6.26 Fit of the Experimental Results to the gerade-ungerade State Coupling



xiii
Acknowledgements

First of all I would like to thank all of the Chemistry department support staff, without
whom it would not be possible to complete any research project. Dick Robinson and
Roy Bennett in the Machine Shop have often dropped everything to fix an ailing pump
or piece of other equipment requiring emergency care. I know they especially enjoyed
machining the Stark electrode spacers from, supposedly, machinable ceramic. Dave
Searle, who retired from the Glass Shop a couple of years ago, was always ready to let
me tinker around trying to polish a mirror or make anything out of glass, regardless
whether it should be or not. Thanks also goes to the Instrument Shop, where Terry
Wiley and Bob Dean many times had to fix electronic instruments we managed to
incapacitate with a high voltage discharge or two (“Aren’t those chips suppose act
as fuses?”). Dave Smith and Peter Ward of the Physics & Astronomy department
Machine Shop were always very helpful when I tried to machine something myself in
the Physics & Astronomy department Machine shop.

I would like to thank my co-graduate students and good friends, Marko Banjav¢ic,
Terry Rowat and Tangyu Wang. Terry Rowat (MSc) and Tangyu Wang (PhD) have
graduated in the mean time, I don’t blame them. Tangyu forever kept me on my
toes, insisting the solution to any problem be kept as simple as possible. His “simple
physics” motto, apparently gave him the knack for keeping the computer tied up in
seemingly endless FORTRAN calculations. I am thankful to Marko for the numerous

times he helped me debug my data collection software and the many, many times



xiv
he listened to the latest list of ailments troubling the beam machine/build-up cavity
experiments. I have been incredibly fortunate to have Dr. Jack Barnes as a co-worker.
Jack seems to be capable of doing just about anything, from designing electronic
circuits and machining the most intricate parts, to making sense of all the strange
but interesting data we accumulated. In many ways, this thesis is as much his as it
is mine. [ am very grateful for having Professor Terry Gough as a supervisor. Terry
has always allowed me the freedom to try almost anything, which is what has made
science exciting for me. He has also taught me to always begin with the simplest
measurement that can be done, work my way up from there and let the picture
develop on its own. I believe this was a very valuable lesson.

Finally I would like to thank my wife, Felisa, for helping me keep my spirits up
during those many times when the project seemed to come to a near standstill. Those

frustrating times often proved to be more of a challenge than the science itself.



To my parents



Chapter 1

Introduction

1.1 Vibrational Overtones

In the past decade or so there has been a renewed interest in the spectroscopy of highly
vibrationally excited molecules [1]. This may have been in part driven by the fact that
a great number of chemical processes (atmospheric chemistry, combustion, chemical
lasers and many other chemical reactions) are fueled by highly excited molecules.
While it is desirable to study the larger molecules (> 12 atoms) that typically partake
in most chemical reactions, it is not possible to conduct a thorough investigation of
their spectroscopy. For onme, the lack of rotationally resolvable spectra makes the
determination of changes in geometry with increased excitation difficult; this is an
important feature in determining the potentials governing bond dissociation. Smaller

molecules (three or four atoms) produce spectra that can easily be fully resolved with
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today’s high resolution instruments and they often contain some of the complexities
of the larger polyatomics [2]. Yet their small size makes them amenable to modelling
by ab initio computations. This allows the validity of the theoretical models to be

tested, in order to provide a better approximation for more complex systems.

A typical Arrhenius activation energy (100-250 kJ/mol) corresponds to about
8360—21000 cm™!, or about 3-5 quanta of vibrational excitation for many small
molecules. The near infrared region of the spectrum (8000-13000 cm~!) where many
of these excited vibrational states lie, has been the subject of comprehensive investi-
gations even as long as 60 years ago [3]. The at the time, long path length, Doppler
limited, studies appeared complete in that they seemed to have measured all that
was detectable for the molecules under scrutiny. The advent of high resolution lasers
has allowed the vibrational overtone region of the spectrum to be re-examined. Most
notably, intra-laser-cavity photoacoustic spectroscopy has revolutionised the mea-
surement of these weakly absorbing states. The high power per spectral bandwidth
available inside the cavity of a laser has virtually eliminated the need for long path
length cells, resulting in numerous studies based upon this new technique [4-9]. These
experiments have contributed greatly to our understanding of highly excited vibra-
tional states and have offered many new challenges to the theories used to describe
them [2]. The development of a model that can accurately predict the behaviour of a

molecule at all levels of vibrational excitation has, however, been somewhat elusive.

Describing the vibrations of a molecule has been traditionally left to normal mode
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theory. The vibrations in the molecule are approximated as harmonic oscillators
and the concerted motion of these oscillators is then reduced to the fundamental
vibrational modes. These modes form a complete basis set and are therefore termed
“normal modes” [3]. At low excitation energies this approximation has proven to be
a good one. The bottom of the potential energy curve for a vibrational mode is well
described by a harmonic oscillator potential. Vibrational overtones, not allowed under
the harmonic oscillator approximation, owe their existence to anharmonicity and at
higher excitation energies the anharmonicity of the vibrational motion becomes much
more apparent. This can clearly be seen from the fact that, given sufficient energy, the
bond can dissociate, a behaviour not predicted by harmonic oscillator theory. Further,
the Hamiltonian describing these high vibrational excitations becomes increasingly
off-diagonal, indicating extensive coupling among the normal modes. One result of
this coupling is the existence of combination bands, which have one or more quanta
in two or more different normal modes. As the amount of vibrational excitation is
increased, it becomes increasingly cumbersome to describe these states via normal

mode theory.

A new theory was devised which is based upon the localised behaviour of the
vibrations at these high excitation frequencies [10]. As the vibrational excitation
of the molecule is increased, it appears that single bonds are vibrating rather than
oscillating in unison to form the normal modes described earlier. The symmetric

and antisymmetric C-H stretching vibrations of benzene are good examples of this
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localised behaviour. At higher levels of vibrational excitation there is an increase in
normal mode coupling, which in turn requires an increased number of anharmonicity
constants to accurately describe the spectrum [10]. If, however, a harmonic oscillator
description is used vibrational levels can be described quite accurately with only two
parameters. Figure 1.1 depicts the observed band centres (v,ps) for the C-H stretching
vibrations of benzene from 3000 cm™! to 24000 cm™" [5]. The solid line is a fit to the

two parameter local mode expression (5, 10]

Vobs = Rfw —wz (n +1)], (1.1)

where w is the harmonic vibrational frequency, wz is the anharmonic vibrational
constant and n is the number of C-H stretch quanta. Child and Halonen have carried
out local mode calculations on several different X-H systems to demonstrate the

effectiveness of this model [11].

In a similar fashion Mecke and Ziegler already introduced a bond mode type
model to predict the behaviour of the highly vibrationally excited states of acetylene
in 1936 [12]. However, it was not until much more recently that the interest in the
bond mode theory has been rekindled [10,13,14]. The need to understand the ap-
parently simple vibrational overtone spectra of benzene and similar molecules whose
overtone spectrum is dominated by the C-H stretching progression has given this
bond mode or “local mode” theory new life and it has been very successful in de-

scribing these highly excited states [15-17]. The natural extension of this local mode
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C-H stretching vibrations are plotted against the number
of C-H stretching quanta (n). The data were taken from
reference [5] and is depicted by the circles. The solid line
is a fit to the local mode Equation 1.1 [5, 10].
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behaviour is to attempt bond selective chemistry. By selectively energising a partic-
ular bond, the desired reaction outcome would be enhanced, or so was the thought.
However, the bond energised is seldom the one which breaks [13,14,18]. The sup-
plied vibrational energy randomises among other vibrational modes on a time scale
too fast for bond selective chemistry to take place. The deceptively simple overtone
spectra of these molecules lead one to believe that this region of the spectrum is rel-
atively uncongested. In reality there are a great number of states present, but only a
few have transitions with sufficient oscillator strength to be detected. These “bath”
states draw their intensity from the more easily measurable infrared “bright” state,
providing a channel for intramolecular vibrational relaxation (IVR) [14]. In order to
understand the dynamics of the highly excited vibrational states it is important to
conduct experiments that not only have the sensitivity to probe these weakly absorb-
ing states, but are also able to fully resolve their ro-vibrational structure. Only then

can advances of photochemical significance be made.

The ability to obtain high resolution spectra of vibrational overtones allows the
precise measurement of a molecule’s electrical properties at geometries other than
the molecule’s equilibrium geometry. The Stark effect has long been used to study
the interaction of atoms and molecules with external electric fields. The target of
many of these experiments has been the measurement of electric dipole moments and
polarisability tensors in the ground and first excited vibrational states [19]. These

parameters not only describe how the electronic structure varies with geometry, but
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form the fundamental basis for the understanding and prediction of molecular inter-
actions [20,21]. Hence, it is important to have the broadest knowledge possible of
their behaviour at increasing levels of vibrational excitation [22,23]. Stark field in-
duced shifts and splittings of energy levels are often very small when compared to the
Doppler broadened line widths of typical gas phase ro-vibrational transitions [24, 25]
and the most accurate measurements can only be made with high resolution laser

molecular beam experiments [26].

In regions of high state density, such as the near infrared for small molecules, the
Stark effect may provide another avenue for study by allowing states to interact in
the presence of a static external electric field. The interaction of closely spaced levels
is well documented in spectroscopy [27-29]. Fermi resonances in infrared spectra
are perhaps some of the most common. Careful analysis of the spectra can provide
information regarding the strength of the interaction, the identity of the interacting
states and their relative positions. However, due to the lack of control over the
strength of the perturbation it is not always possible to extract as much information
as one would like. Inducing the perturbation with an external electric field allows
one to manipulate the strength of the perturbation by adjusting the magnitude of the

applied field.
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1.2 The Stark Effect

There are several detailed discussions of the Stark effect in the literature [19,30-33].
The following description will generally be confined to the Stark effect for a linear
molecule in a '¥ electronic state where the total angular momentum is due only to
molecular rotation. The Hamiltonian for a molecule in an external static electric field
can be expressed as

H=H’+Hseax =H’—4-F, (1.2)

where [ is the electric dipole moment operator and F is the electric field vector.
At high electric fields or if the molecule does not have a permanent electric dipole

moment, i may be expanded in a Taylor series in terms of the field [31].
. 1, . 1
#=F+Q-F+§E'F +§‘_7_F +--- (1.3)

The permanent electric dipole moment vector along the molecular symmetry axis in
absence of the electric field is g, a is the polarisability, and 8 and v are the first
and second hyperpolarisabilities. @, # and v are tensor quantities of rank 2, 3 and 4,
respectively. Of primary concern here are the terms containing g and a. The higher
order terms, 8 and v, and terms involving field gradients (omitted for simplicity) are
important to other optical processes, such as second order harmonic generation, the
Faraday effect and other nonlinear phenomena [34]. These higher order terms are less

significant when compared to the effects that result from the interaction of p and o
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with a Stark electric field. The interaction of the electric field with g and o will each

be dealt with separately in the following two sections.

1.2.1 The Electric Dipole Moment

The quantum mechanical treatment of the effect of a external electric field on the
motion of a molecule is usually approached with perturbation theory. For example,
the energy of a symmetric top molecule in a uniform electric field (F) to second order
is [19]

Wikm(F) = Wik + Wiy (F) + Wy (F) +--- | (1.4)

where W9y is the energy of the molecule in absence of the electric field and K is
the projection of the rotational angular momentum, J, on the symmetry axis of
the molecule. W}}}M(F) and W}?M(F) are the first and second order perturbation
corrections to the zero order energy (W9 ) due to the presence of the electric field.
M is the projection of J along the electric field. The first order perturbation term

can be evaluated by taking the average interaction energy as follows

Wiku(F) = —(JKM|u FIJKM)

= —uF(JKM|cos8|JKM) , (1.5)

where 0 is the angle between the permanent electric dipole moment (x) and the

electric field. The (JK M| cosf|J KM) term can be evaluated by use of the direction
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cosine matrix elements. The motion of a molecule can be described in two distinct
coordinate systems; one is body (molecule) fixed and the other is space (laboratory)
fixed. The direction cosines relate the angular momentum components and their
respective matrix elements in these two coordinate systems [35]. For g parallel to
the molecular axis, z, and F along the space fixed Z direction, cos§ is represented by
the direction cosine matrix ®z,. The elements of ®z., ¢z, are available in tabular
form in many spectroscopy books (Table 4-4 in reference [30], for example). Upon

consultation of one of these tables, Equation 1.5 can be re-written as

WiRn(F) = —uF(JKM|®z.|JKM)
= —uFés5 sk dim
MK
R reh (1.6)

For a linear molecule K = 0, since it does not have a component of angular momentum
along the symmetry axis and the first order Stark effect vanishes. Symmetric top
molecules with K = 0 also do not have a first order Stark effect. This then leads to

the second order perturbation energy which is

. 4 2
wop) < v LWEMl - FITKM)

(1.7)
J£J Wokm — Wikm
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where the only non-zero direction cosine matrix elements come from J' = J £ 1. In

terms of the direction cosines, the above equation becomes

2 2
WO(F) = 42 F? [(¢J;J+1 PIK:I+1,K PIMI+1,M) + (5371 Puk;a-1,K PIMI-1,M) J .
= Wikcas — Wik o Wohear — Wi .o

(1.8)

Once again, consulting tables of direction cosine matrix elements the result is
2hB | J3(2J +1)(2J —-1) (J+1)3(2J +1)(2J + 3) e

which for a linear molecule (K = 0) simplifies to
2 2 _ 2

will(py< bl JU+1) - 3M (1.10)

2hB J(J + 1)(2J — 1)(27 + 3)

where B is the rotational constant of the molecule. One of the first noticeable effects
the Stark field has on the rotational spectrum of a molecule is the increase in the
number of observable transitions. This is a direct result of the removal of the degen-
eracy of J, splitting the energy levels into 2J + 1 (M) states. Figure 1.2 depicts a

J = 2 « 1 transition in the presence of a Stark field.

The selection rules for M arise during the development of the direction cosine
matrix elements; non-zero matrix elements are produced only when AM = 0,+1 [35].
Figure 1.2 depicts both types of transitions, differentiating them by dashed and solid

lines. As a rule of thumb, a J + 1 « J rotational transition may have 2J + 1
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Figure 1.2: The second order Stark split energy levels of a
J = 2 « 1 transition of a linear molecule with a permanent
electric dipole moment according to Equation 1.10. Each
energy level is split into 2J +1 M states. The dashed lines
represent the two AM = 0 transitions and the solid lines
the three AM = 1 transitions. The AM = 0 transitions
are termed “parallel”, while the AM = *1 transitions are
called “perpendicular”. Below the transitions is a “stick
spectrum” of their relative intensities. From left to right,
6:4:12:3:2.
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AM = =1 transitions and J + 1 AM = 0 transitions making a total of 3J + 2
possible transitions. Below the transitions depicted in Figure 1.2 is a “stick spectrum”
of the relative intensities of these transitions. The relative intensities can readily be
calculated from the direction cosine matrix elements and are often provided in tabular
form (see Table 10-1, reference [30]). However, both parallel and perpendicular M
transitions are not always observed. The intensities of the transitions are affected by
the angle of the polarisation of the incident electromagnetic (laser) field relative to
the Stark electric field. Remembering that M is the projection of J on the Z axis
(direction of Stark field), consider the following. Classically, a laser field polarised in
the Z direction cannot exert any torque about the Z axis, hence AM = 0. Rotating
the laser polarisation 90° with respect to the Stark field would result in transitions
with AM = +1 and setting the laser electric field to be polarised 45° with respect

the Z axis would result in an equal mixture of AM = 0 and AM = +1 transitions.

For a linear molecule the higher odd order perturbation terms are zero [30]. The

fourth order term for a linear molecule has been been evaluated by Muenter et al. [36],

W (F) = Lf” [_ [(J+1)* - M*[(J +2)* — M7]
M T 8A3B3 | (27 + 1)(2J + 5)(J +1)2(2J +3)3
+ [(J —1)* -~ M?|[J? — M?] + [J2 — M?|[(J +1)* — M?]

(2J — 3)(2J + 1)J2(2J — 1)3 © (2 —1)(27 +3)(27 + 1)2J%(J + 1)?
[(J + 1)2 - M2]2 _ [Jz - M2]2 ]
(27 +3)2(2J +1)2(J + 13 (2 +1)2(2J —1)2J3

+ (1.11)

This term typically contributes much less than 0.5% of the Stark energy. For a
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diatomic molecule with an electric dipole moment of 2 Debye, a rotational constant
of 20 cm~! and an applied Stark Field of 40 kV/cm the fourth order Stark energy of the
(J, M) = (1, 0) energy level is 0.12 MHz, compared with the 270 MHz contributed by
the second order term. In many cases the fourth order term can be neglected without
any significant loss of accuracy of the desired constant. There is, however, a second
order contribution from the polarisability of the molecule which is discussed in the

next section.

1.2.2 The Electric Dipole Polarisability

A contribution to the Stark energy will also come from the polarisability (a) of a
molecule. However, the polarisability is not a property that can be measured directly.
The external electric field not only distorts the electron distribution in a molecule, it
perturbs the entire molecule. This can be seen from the fact that a Stark field drives
all allowed transitions off resonance. Hence, along with the electronic wavefunction,
the vibrational and rotational wavefunctions have also been perturbed. In order
to accurately describe the effect of a Stark field on a molecule, and measure the
relevant electrical properties, all states (electronic, vibrational and rotational) that
can interact with the electric field must be taken into consideration. Only states with
an electric dipole allowed transition need be included in the sum over all ro-vibronic

states approach, since only they provide a non-zero contribution [33].

The distortion of the charge distribution gives rise to an induced dipole moment
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(#4;,4 = « - F) which can interact with the electric field, u;,4 - F. Classically, the

energy of the system becomes

1
W=~ [ 1o dF = —5aF? . (1.12)
A quantum mechanical treatment using second order perturbation theory will give

the correct F? dependence and also take the perturbed motion of the electrons into

account. The optical polarisability tensor for a molecule in state m is then [31]

aly) () = 2@ (ﬁw)z(mlﬂelk)(klﬂnlm) (1.13)

where £ and n denote the tensor components, w is the oscillation frequency of the
electric field, Ej,, is the energy difference between states k£ and m and ¢, is
the dipole moment operator. The above sum is carried out over the entire set of
intermediate states k (electronic, vibrational and rotational). a¢,(w) is known as the
dynamic polarisability (discussed in more detail later) and setting w = 0 gives the
static polarisability a¢,(0). To introduce a more compact notation, ag,(w) will be
written as a(w) and ag,(0) simply as o when the individual tensor components need

not be identified.
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Static Polarisability

The Stark effect measures the static polarisability since the molecule is subjected to

a static electric field. Setting w = 0 in Equation 1.13 results in

m _ 2
o, -3;,. g (mlpclk) (klunlm) (1.14)

Often the second order perturbation energy is evaluated using a sum-over-states ap-
proach. In a sum-over-states methodology the polarisability for a given rovibronic
state is comprised of contributions from other electronic states, from other vibra-
tional states within the same electronic state and from other rotational states within
the same vibrational state [33]. In a rigorous treatment, Brieger carried out this sum
for a diatomic molecule [32]. Rather than using direction cosines to correlate the
laboratory and molecule fixed frames, Brieger uses 3j-symbols which function in a
manner similar to the direction cosines [37]. Brieger determined the second order

correction to the Stark energy for a diatomic molecule to be [32]

2 2
@) | , J J 1 JJ 1
Wity (F) = —5F S @S +1)(2J +1) x
T M -M 0 0 00
2
JJ 1
{efi(,J) + (4, ) + (4, J)} + o5 (J,J) ] .(1.15)

-1 01
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The 3j-symbols are denoted by the “arrays”, and ofj(J, J), ai(J,J'), of(4,J') and
aj(J, J') are the electronic, vibrational and rotational branch polarisabilities. These
branch polarisabilities arise from the various contributions to the polarisability taken

into account by the sum-over-states method and are defined as follows :

&) = _nlgn%:2l(n:;(,2llj|lg:’;(j')>l" (1.16)
A ) = - ,,5;,, 2““’,’;"‘2"?'2:},‘,"”'2 (1.18)
s = st

where the n, v and J are the electronic, vibrational and rotational states in the
summation, E.,s is the energy of the respective state and pj;, is the component
of the dipole moment operator connecting the corresponding parallel (£ — X) or
perpendicular (¥ —II) transitions [32]. A polyatomic molecule will have an additional

term [38]

2|(nv(J)|pLlnv'(J)) (1.20)

’

ai(hJ)=-3

v'#v EnuJ - Enu’ J!

which arises from perpendicular vibrational transitions. The rotational dependence of

the energy denominators in Equations 1.16 and 1.17 is negligible in comparison to the
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electronic energies. The electronic branch polarisability differences due to different
J' can therefore be ignored. This simplifies Equation 1.15 and the usual electronic

contribution to the Stark energy results [31]

apg2
W}?,(F) _ _lan J(J+1)-3M

3%F i n@rra>F - (1.21)

In this equation & (= i[ey + 2a.]) is the mean or scalar polarisability and Ac
(= ay—a) is the anisotropy of the polarisability. The polarisability has two “visible”
effects on the energy levels. The first is to introduce an M independent shift and the
second is to remove the 2J+1 degeneracy. Linear symmetric polyatomic molecules can
only exhibit a purely polarisability induced Stark field perturbed spectrum when the
transitions involve more than one vibrational state. Figure 1.3 is an exampleof a J =
2 « 1 transition between the ground vibrational state and an excited vibrational state
(v') depicting only the AM = %1 transitions. The correction to the total Stark energy
for a heteronuclear diatomic molecule due to the polarisability is much smaller than
that generated by the dipole moment. For the example given earlier (J =1, M = 0)
the contribution for Aa = 142 is 0.36 MHz, compared to 270 MHz and 0.12 MHz
from the second and fourth order dipole moment contributions. However, since non-
polar polyatomic molecules do not have a permanent electric dipole moment, the
polarisability is the sole contributor to the Stark effect for these molecules. Typically
high electric fields (greater than 100 kV/cm) must be used to be able to easily observe

this effect and obtain accurate measurements of the static polarisability tensor.
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Figure 1.3: The second order Stark split energy levels of
a J = 2 « 1 transition of a linear symmetric polyatomic
molecule according to Equation 1.21. Each energy level is
split into 2J +1 M states. The dashed lines represent the
three AM = +1 transitions.
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Dynamic Polarisability

An oscillating electric field, such as that of a laser, interacts with the dynamic po-
larisability. An example of this is the interaction of a beam of light of frequency w
with the molecules of a gas. This will induce a dipole proportional to a oscillating
at frequency w. The oscillating dipole of each molecule emits radiation in a spherical
scattered wave and the interference of the scattered waves of all molecules of the
gas produces coherent and incoherent scattered light. The constructive interference
results in a wave that is retarded in phase relative to the incident light beam and is re-
sponsible for refraction. Hence, refractive indices are a direct measure of the dynamic
polarisability. Other phenomena, such as Raman and Rayleigh scattering also owe
their existence to the dynamic polarisability. For a detailed discussion of the dynamic
polarisability and related phenomena see references [31,33,39]. The present discus-
sion will be limited to the difference in the determination of static polarisability by

direct measurement (Stark effect) or by extrapolation from dynamic polarisabilities.

Just as the static polarisability was expressed as a sum of various electronic,
vibrational and rotational contributions, the same approach can be employed for the

dynamic polarisability, a(w), [33]:

a(w) = a(w) + o*(w) +2"(w) . (1.22)

Equation 1.22 is a very simplified form, however, it conveys an essential point regard-
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ing the common techniques used to measure the dynamic polarisabilities. Rayleigh
measurements of a(w) are usually made at common laser frequencies in the visible
region of the spectrum [40,41]. At visible wavelengths, the vibrational and rotational
(a’(w)anda”(w)) contributions to the dynamic polarisability are negligible due to
the small transition dipole moments involved. Extrapolation of these measurements
of the dynamic polarisability to zero frequency yields therefore a “zero frequency”
electronic polarisability (a®(w = 0)) rather than a static polarisability (a(w = 0)).
Although a linear symmetric molecule will have a “zero” rotational contribution, the
vibrational component is typically 10% of the static polarisability [42]. Kerr and
Stark effect measurements probe the static polarisability and hence include all con-
tributions. However, a comparison with Stark effect measurements can still be made,

if the other (vibrational) contributions are accounted for [38].

1.3 Thesis Outline

This thesis will present the results of Stark experiments on the v = 3 vibrational
overtone of hydrogen fluoride, and the ¢4 + 3v3 and v2 + 33 vibrational combination
bands of acetylene. First a description of the apparatus used to carry out the exper-
iments is provided in Chapter 2. Since the v; + 33 vibrational overtone band was
too weak to easily measure with a single pass of the laser, an optical resonator with
a gain of at least 300 was constructed. The details of the design and performance of

this high gain laser power build-up cavity are in Chapter 3. The measurements of
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the hydrogen fluoride v = 3 dipole moment and the vibrational dependence of the
hydrogen fluoride dipole moment is discussed in Chapter 4. Chapters 5 and 6 describe
the measurements of state mixing among highly excited, vibrational states of acetyl-
ene, some of which are not accessible by direct infrared transition from the ground
vibrational state. The method of analysis used to extract the polarisability data from
the spectra of the 1, 4+ 3v3 and 13 + 33 bands allowed some of the interacting states
to be identified as well as the strength of the interaction. Chapter 7 contains a short

summary of the findings in this thesis.
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Chapter 2

Experimental Details

2.1 The Molecular Beam Apparatus

A schematic of the molecular beam apparatus used in the experiments described in
this thesis is depicted in Figure 2.1. It consists of four separate chambers, namely,
the source, interaction, detector, and mass spectrometer chambers. The source and
detector chambers were each pumped by a Varian VHS-10 (31 cm) oil diffusion pump,
capable of a pumping speed of approximately 5500 £/s. The source chamber diffusion
pump was backed by an Edwards model EH500 mechanical booster pump (Roots
blower) and an Edwards E2M40 mechanical pump. An Edwards E2M8 mechanical
pump was sufficient to back the detector chamber, since only a small fraction of the
gas escapes the source chamber to form the molecular beam. The detector chamber

contained a water-cooled baffle to reduce backstreaming of the hot oil vapour, which
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could contaminate the detector. This baffle reduced the pumping speed to about

2000 ¢/s.

Both the interaction and the mass spectrometer chambers could be isolated from
the adjacent chambers via gate valves. The gate valve separating the source and
interaction chamber was a simple custom-built sliding shutter, that relied on atmo-
spheric pressure in the interaction chamber to provide a proper vacuum seal. It was
also used to block the molecular beam when necessary. The interaction chamber was
pumped by a liquid nitrogen trapped Edwards mechanical pump. Once the maximum
vacuum obtainable with the mechanical pump had been reached, the gate valve to
the detector chamber was opened slowly until the pressure equilibrated with that of
the detector chamber. The ability to let the interaction chamber up to atmospheric
pressure while keeping the other chambers under high vacuum, was a great conve-
nience. It allowed one to make final adjustments to any devices contained within the
interaction chamber, such as a Stark cell or the laser power build-up cavity, without

significantly interrupting the experiment in progress.

The molecular beam source and the gas handling system were constructed out
of stainless steel to prevent corrosion when using hydrogen fluoride. The source
nozzle consisted of a 100 um diameter hole in a thin stainless steel diaphragm which
was mounted within a modified SwageLok VCO fitting. The feed tube for the nozzle
passed through the end of a capped stainless steel bellows which allowed for a vacuum

tight adjustment of the nozzle to skimmer distance by simply sliding the tubing back
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Figure 2.1: This schematic shows a cross-sectional view of
the molecular beam apparatus. S.S. is an abbreviation for
Stainless Steel. Ionisation pressure gauges were mounted
on all chambers except for the interaction chamber. The
rubber o-ring which provides the seal between the mov-
able plate and the source chamber flange protruded only
slightly from an o-ring groove. The diagram exaggerates
this protrusion to make the o-ring more visible. The X-Y
movable plate was bolted loosely to the source chamber
flange through four oversized holes in the plate. Two pairs
of opposing sliding blocks set 90° apart were used to adjust
the position of the nozzle plate assembly, while keeping the
source chamber under high vacuum.
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and forth. The nozzle assembly was mounted on a plate which slid on a well greased
o-ring set into the rear flange of the source chamber. Source motion in the X-Y plane
was accomplished by sliding the nozzle plate on the o-ring using two pairs of opposing
sliding blocks set 90° apart. The nozzle plate was secured to the source chamber
flange by four loosely tensioned bolts which passed through oversized holes in the
nozzle plate. The 500 um diameter skimmer was mounted on the flange separating

the source and interaction chambers.

The non-corrosive gases to be studied were pre-mixed with helium and the source
pressure was maintained with a non-corrosion resistant vacuum regulator. For the
experiments on hydrogen fluoride, the source pressure was regulated directly with
the supply cylinder regulator and required periodic adjustment. A mechanical chop-
per located within the detector chamber was used to modulate the molecular beam
during the nozzle alignment and optimisation of the source pressure. This allowed
the molecular beam intensity to be monitored using phase sensitive detection of the

bolometer signal.

A nozzle skimmer distance of approximately 10 mm produced the maximum,

chopped, molecular beam signal. The optimum source pressures were found to be

between 300 to 500 Torr for the gases studied.

During operation, the source and detector chambers were typically 106 Torr and
10~7 Torr and the ultimate pressures were 10~7 and 10~® Torr, respectively. The

chamber pressures were measured with MKS ionisation gauges.
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The mass spectrometer chamber was pumped by an Edwards 63/150MM oil diffu-
sion pump (135 £/s) and contained a Balzers QM G511 quadrupole mass spectrometer.
The lowest background pressure attainable without the molecular beam entering the
chamber was 10~ Torr. The mass spectrometer was intended to be used at a future
date to assist in the studies of van der Waals molecules. However, the measured
signal to noise ratio for single molecules was very low, possibly due to the higher than
desired background pressure. The mass spectrometer was not used for any of the

experiments described in this thesis.

2.2 The Cryogenic Bolometer Detector

A bolometer is a microcalorimeter capable of detecting minute changes in temper-
ature. It is usually composed of a semiconductor substrate cooled to liquid helium
temperatures where its resistance is an exponential function of temperature. Upon
impact, the molecular beam raises the temperature of the bolometer primarily through
the heat of adsorption. The translational, rotational and vibrational energies of the
molecule increase the temperature further, producing a larger change in resistance.
Excitation of, for example, a ro-vibrational energy transition of the species under
investigation with a laser increases the internal energy of the molecules in the beam,

which in turn is detected by the bolometer.

The bolometer (Infrared Laboratories Inc.) used in the experiments described

in this thesis consisted of a small silicon element (0.01 cm?) thermally bonded onto
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the centre of a 2.0 mm x 5.0 mm diamond slab and suspended by thin wire leads
from a detector mount secured to the bottom of the cryostat. The bolometer was
located approximately 84 cm downstream from the skimmer. This entire bolometer
assembly was contained within a copper box mounted to the bottom of the liquid
helium cryostat so as to shield against extraneous thermal radiation (Figure 2.2). The
copper box had four ports at various locations which served either to allow passage
of the molecular beam or to allow non-condensable carrier gas to be pumped away.
One port was baffled and located adjacent to the bolometer. A pair of opposing ports
located in the centre of the copper box allowed the molecular beam to travel through
the box, missing the bolometer when the cryostat was rotated 90° with respect to
the molecular beam axis. One port, located directly opposite the detector mount,

allowed the molecular beam to reach the bolometer.

A liquid nitrogen cooled shield was used to insulate the liquid helium cryostat and
bolometer from the surroundings. A 1 mm horizontal slit mounted on the outside of
the liquid nitrogen cryostat shielded the bolometer from molecules travelling with a
significant component of their velocity parallel to the laser beam travelling vertically
through the interaction chamber. This further reduced the Doppler shift induced

broadening of the transition line shapes.

The bolometer was cooled to the operating temperature of about 1.6 K by pumping
on the liquid helium bath with a mechanical pump until a bolometer resistance of

approximately 35 M() was reached. In addition to the pre-amplifier, a JFET-amplifier
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was required to operate this bolometer. To reduce microphonic noise and excess input
capacitances, it was mounted close to the bolometer on a stand-off and held at 77 K.
Under these conditions the measured responsivity was typically 5x10° V/W, with a
noise equivalent power (N.E.P.) of approximately 4 x 10~'3 W/Hz* [43]. Although the
liquid helium cryostat had a capacity of approximately two litres, once the operating
temperature was reached, much less than this remained. Typically a good liquid

helium transfer resulted in about 10-12 hours of operating time.

With the detector rotated 90°, a diode laser could be shone through the window
in the mass spectrometer chamber, through the hole in the copper bolometer box and
directly at a photodiode mounted behind the skimmer in the source chamber. Once
the alignment laser was positioned correctly, two apertures with removable irises were
placed in the interaction chamber along the molecular beam axis using the diode laser
as a guide. This provided a precise alignment of other instrumentation with the axis
of the molecular beam while the entire system was at atmospheric pressure. The
infrared laser, used in the experiments, entered the interaction chamber from below
and exited at the top. The precise intersection point of the molecular beam and the
infrared laser could be determined by observing the crossing position of the alignment
diode laser and the infrared laser. A window installed in the gate valve separating
the interaction and detector chambers allowed this same alignment procedure to be
performed on devices within the interaction chamber, while the detector and source

chambers were under high vacuum. Instruments could be added to or removed from
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Figure 2.2: This diagram depicts a vertical cross-section
of the bolometer detector assembly along the molecular
beam axis. The thick outlines represent the copper box.
The liquid helium cryostat was surrounded by a liquid ni-
trogen shroud to reduce the thermal load on the inner cryo-
stat. The ¢ denotes the rotation axis of the entire detector
cryostat.
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the interaction chamber without compromising their alignment with the molecular

beam. This was a common task while using the laser power build-up cavity.

2.3 The Stark Cell

The Stark cell used in these experiments consisted of two 5 cm diameter aluminum
plates held apart by a fixed ceramic spacer (See Figure 2.3). This arrangement did
not allow for a simple adjustment of the Stark electrode gap. Either the spacer or
the electrodes had to be modified or replaced. The electrodes were polished and all
sharp edges were rounded to reduce arcing. A Bertan model 205A-30P, 0-30 kV
high voltage supply was used to generate the electric field. For molecules with an
appreciable dipole moment (e.g. hydrogen fluoride) a 5 mm gap was sufficient and
produced electric fields on the order of 40 kV/cm. However, for acetylene a much
smaller gap of approximately 0.6-0.7 mm was needed and new electrodes were made.

With flat, highly polished electrodes, fields as high as 350 kV/cm were generated.

2.4 The Laser System and Experiment Controls

The laser system was a Coherent 899 Ti:Sapphire (titanium doped sapphire) laser
pumped by a Coherent Innova 200 Argon Ion laser. Figure 2.4 depicts the arrange-
ment of the entire experiment. The Ti:Sapphire laser provided tunable near infrared

radiation (11300—13300 cm™!), with a peak power of approximately two Watts single
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Figure 2.3: A cross-section of the Stark cell used in the ex-
periments as viewed from above. The ceramic spacer held
the aluminum electrodes at a fixed distance. To change
the spacing of the electrodes, new electrodes had to be
machined.
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frequency and a minimum frequency line width of approximately 5 MHz. The line
width was determined by measuring a ro-vibrational molecular beam transition (see
for example, Chapter 4, Figure 4.1, page 62). Although the Ti:Sapphire laser was
designed to be frequency stabilised, an external reference etalon was used to verify the
linearity of the laser scan. The free spectral range of the etalon was 274.21+0.05 MHz,
determined by measuring the spacing (54.65+0.01 cm) of the etalon mirrors with a
set of vernier calipers. Despite the use of an external reference etalon, slow drifts of
the frequency of the laser were still the principal source of error in these experiments.
To minimise these errors the laser was scanned repetitively up and down over the
spectral region under investigation. Systematic frequency drifts could therefore be

detected and averaged out.

In order to locate the molecular beam transitions, the laser was passed through a
photoacoustic cell before entering the molecular beam machine. The laser frequency
was measured with a Burleigh WaveMeter accurate to £0.01 cm™!. An optical chop-
per was used to modulate the laser intensity to allow for the use of phase sensitive
detection of the laser induced bolometer signal. The photoacoustic gas cell equipped
with a Knowles Electronics BL 1785 microphone, the wavemeter and literature values
for the transition frequencies of the molecules of interest were used to position the
laser on the peak of the bulk gas absorption frequency. The photoacoustic cell was
then removed and the laser scanned repetitively over the central part of the absorption

profile until the lock-in amplifier registered a laser induced signal from the bolometer.
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Figure 2.4: This is a cross-sectional view of the molecular
beam apparatus along with the rest of the instrumentation
on the adjacent optical tables. The interaction chamber
can be isolated from the rest of the vacuum system with
two gate valves (not depicted here), allowing the insertion
or extraction of Stark electrodes or the laser power build-up
cavity. For simplicity the components used primarily for
the build-up cavity experiments have been left out. They
are illustrated in Figure 3.3.
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A mirror could be mounted on the exit (top) side of the interaction chamber, allowing
the laser to be retro-reflected. This helped establish a perpendicular laser-molecular

beam crossing.

The microphone was not corrosion resistant and could therefore not be used when
working with hydrogen fluoride. However, hydrogen fluoride’s large transition dipole
moment allowed molecular beam absorptions to be detected easily using fast scans
over larger frequency regions. Generally, the lock-in amplifier’s sensitivity was set to
a sensitive scale, such as 1 mV full scale or less, and the laser was scanned manually
in the vicinity of the reported literature value. Even when the line position was only
briefly encountered during these manual scans, the overload warning lit up on the

lock-in amplifier, identifying the presence of an absorption line.

An 80386 IBM PC compatible computer controlled the laser scan, turned on or
off the Stark field and collected the data using custom software written specifically

for the instrumentation at hand.
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Chapter 3

The Laser Power Build-up Cavity

3.1 Preamble

Normally the description of this device would have been included in the chapter on
“Experimental Details”, as the intention was to use it as any other piece of laboratory
equipment. However, the design, construction, re-design, re-construction and so on,
along with constant testing of the build-up cavity turned out to be more than a
project in itself. Hence, a separate chapter has been devoted to describe the design,

function and performance of the laser power build-up cavity.
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3.2 Introduction

The measurement of vibrational overtone bands in the near infrared and visible re-
gions of the spectrum often requires the use of some sort of laser power enhancement
device due to the weak nature of the transitions. The never ending search for tech-
niques and devices to make these measurements possible has led to a variety of solu-
tions. Multipass cells, such as White cells were, and still are, often used. However, the
resulting Doppler broadened line shapes obscure some of the most interesting aspects
of these highly congested spectra [44-48]. High resolution (sub-Doppler) spectra may
be measured in a molecular beam laser spectrometer, but the typical 1-2 Waitts of
power available from most continuous wave lasers is not sufficient to detect all the
transitions of interest. To increase sensitivity of the measurement, the trend has been
to either pass the molecular beam directly through the cavity of the laser [49] or to
develop a separate optical resonator that can be placed inside the vacuum chamber
of the molecular beam apparatus [50]. The former method is inherently difficult and
limited to the gain available inside the laser cavity. The latter technique is by no

means easy; however, the potential for a much larger gain exists.

The use of such optical resonators or laser power build-up cavities (BUC) is not
new. In 1980 Brillet and Gallagher were among the first when they placed a rubidium
cell inside a BUC [51]. Wieman and Gilbert extended this by crossing the standing
wave laser field of their BUC with a beam of cesium atoms [50]. Both of these methods

produced modest gains of approximately twenty. Neusser and Riedle designed a
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BUC that provided a gain of fifty [52] and Reilly et al. constructed one with a
potential gain of one hundred [48]. Ultimately only a gain of fifty could be used
due to a necessary modification required for the measurement of the Stark effect on
ro-vibrational transitions. Full details of this BUC may be found in the dissertation
by Douketis [53]. Wieman et al. designed a self-locking BUC for laser diodes that
relied on a little optical feedback to lock the laser frequency to the cavity resonance.
The aim was to eliminate the need for the “feedback” electronics required to keep
the cavity on resonance [54]. Some electronics were still necessary to avoid having
small (MHz) gaps in the tuning range and a gain of 1000 was achieved. This was
a substantial advance in laser power enhancement. However, it was designed using
low-power laser diodes and, as will be shown later, this is much different from higher

power laser systems.

3.3 Design and Construction

During this project many different BUC designs were tested with varying degrees
of success. A “sandwiched” arrangement was finally chosen due to its mechanical
stability and simplicity (See Figure 3.1). The principal assumption behind this ar-
rangement was that the mirrors are clamped parallel to one another and the only
alignment required is that of the axis of the BUC with the propagation direction
of the laser through the vacuum chamber. The mirrors were ion beam coated for

99.95% reflectivity at 850 nm (see Figure 3.2) with an absorption of less than 20 ppm
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(Research Electro-Optics). The mirrors (2.54 cm diameter, 50 cm radius of cur-
vature), were sandwiched together in an aluminum housing held apart only by a
2.54 cm diameter ceramic cylinder, 1.826 cm long, and a 0.42 mm thick teflon shim.
Three piezoelectric (PZT, lead-zirconate-titanate) elements mounted 120° apart on
an aluminum ring bore down on the upper mirror and adjusted the mirror spacing
by deforming the soft teflon shim. The PZTs had a displacement of 5 nm/V up to
a maximum displacement of 5um. Since the aluminum ring was in electrical contact
with the PZTs, it was insulated from the aluminum body with a Delrin (nylon) sleeve
on the sides and boron nitride tube on top. An aluminum end cap threaded onto the

BUC body clamped the entire assembly rigidly together.

The ceramic spacer also had another function. It was designed to hold the Stark
electrodes at a fixed distance of approximately 0.85 mm (calibrated later, see page 97
in Chapter 6). The Stark electrodes were machined from 0.625 inch tool steel. The
face diameter was reduced to 0.5 inches, leaving a shoulder which rested on a lip
machined into the ceramic spacer. The electrode surfaces were ground and polished
and all edges were rounded over. One Stark electrode was held in place by a 6-32 cap
screw at ground potential. The other was secured by a high voltage brass electrode

(0-30 kV).

The BUC housing was designed to fit within a 2.54 cm (1 inch) mirror mount
which, in turn, was mounted on an XY translation stage. The mirror mount allowed

the entire BUC to be tilted in the XZ and YZ planes and the translation stage
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Figure 3.1: This is a cross-section of the laser power build-
up cavity drawn to scale. Only two of the PZTs are de-
picted. There are three in total, situated in a circle 120°
from one another.
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Figure 3.2: Transmission curve of the mirrors used in the
laser power build-up cavity supplied by Research Electro-
Optics. The mirrors were coated for a reflectivity of 99.95%
with an absorption of less than 20 ppm.
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provided separate movement in the X and Y directions (See Figure 3.3). The 90°
turning prism (P;) fastened to the bottom of the BUC together with the second
prism (P;), mounted on the base plate of the interaction chamber enabled the BUC
to be translated across the molecular beam (X direction) without significant loss of
alignment. This allowed the laser induced signal to be maximised by adjusting the

overlap of the cavity waist inside the resonator with the molecular beam.

An optical isolator was used to prevent optical feedback from the BUC into the
Coherent 899-21 Ti:Sapphire laser. The optical isolator rotated the vertically po-
larised laser field 45°. The plane of polarisation was rotated another 45° by the half-
waveplate, to provide a laser electric field polarisation perpendicular to the Stark

electric field (allowing AM = +1 transitions only, see page 13).

A 40 cm focal length lens was placed approximately 40 cm from the centre of
the BUC to increase the throughput intensity by helping to match the BUC modes
to those of the incident laser. A photodiode was used to monitor the transmitted
light and provide a signal for the electronic lock-circuit used to keep the BUC on
resonance. It was necessary to use a diffuse reflector for monitoring the transmitted
intensity rather than observing it directly. If monitored directly, the exact position
of the photodiode was critical, since it was possible to place the photodetector in
a position that preferentially observed the higher order transverse modes instead of
the lowest order mode (TEMgo). In such a case, the intensity distribution among the

transmitted modes was no longer a reliable indicator of the BUC alignment. A diffuse
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ted. The direction of the molecular beam is indicated with
an arrow and is orthogonal to the BUC z-axis. (M,;, M,
and M3 are mirrors, while P, and P; are prisms.)
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reflector eliminated the position sensitivity by scattering the transmitted laser light

from all modes equally.

Rather than using a mechanical chopper to modulate the intensity of the laser light
for the lock-in amplifier, the laser was frequency modulated. This was accomplished
by applying a small amplitude oscillation (107 Hz) to the scan control electronics
of the laser. Initially the amplitude of the laser light was modulated, but the BUC
resonance locking electronics would frequently lose lock of the laser frequency during

a chopper “off” cycle. The reason for this will be made clear later.

3.4 Electronic Feedback Controls

The circuitry designed to keep the BUC on resonance while the laser was scanning
was relatively simple. Conventionally the electronics used to keep the BUC on reso-
nance are designed to maximise the transmitted light through the BUC (locking to a
transmission peak). For the present system a “lock-point” on the low frequency side
of a resonance peak was selected and its position could be varied as desired. Obvi-
ously this does not allow one to attain the maximum gain available, but as will be
shown later it was the only option for this particular BUC. Typically the lock-point
chosen was at about 75% of the transmission peak height as measured by an external

photodiode.

To avoid introducing noise from external AC power sources, the BUC PZTs were
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biased by using battery supplies. An adjustable 600 V battery pack biased one side
of the PZT stack and was used to bring a BUC longitudinal mode into resonance
at the chosen laser frequency by changing the length of the PZTs. The error signal
generated by a comparator circuit referenced to the lock point on the transmission
fringe was amplified and applied to the other side of the PZT stack. This fast tracking
was limited to a maximum of 90 V. The 5 um/1000 V response of the PZTs made it
possible to use such a small voltage for tracking the resonance. If the 90 V supply ap-
proached its limit during a laser frequency scan, a manual adjustment with the 600 V
supply was made to bring the tracking voltage back within the range of the 90 V sup-
ply. Typically this was only required for the longer frequency scans (>1 GHz). Two
separate bias supplies were necessary, because the low noise electronic components

used to keep the BUC on resonance were not designed to withstand high voltage.

3.5 Results and Discussion

3.5.1 Build-up Cavity Diagnostics

The alignment of the BUC was monitored by observing the intensity distribution
among the transverse modes. This was accomplished by keeping the BUC mirror
spacing fixed and scanning the laser rapidly (60 GHz/s). Translation and tilt controls
were adjusted in turn until the TEMgo mode was predominant. Figure 3.4 depicts

a typical transmission spectrum of the aligned BUC. The “zero” frequency refers to
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Figure 3.4: This diagram depicts the transmission spec-
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refers to the start of the laser scan. The laser was scanned
at a rate of 60 GHz/s.
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the start of the laser scan. The high intensity peaks are two successive longitudinal
modes (TEMgo), while the smaller peaks are higher order transverse modes. It was

impossible to completely eliminate these higher order modes with the present system.

The free spectral range (FSR) of the BUC (FSR = c/2L, where c is the speed
of light and L is the mirror spacing [55]) was calculated to be 8.02 GHz, which
compares well with the measured value of 8.15 GHz. The discrepancy is likely due to
the non-uniform nature of the teflon shim used as part of the spacer for the mirrors.
It was difficult to accurately measure the thickness of the teflon shim since it was
very soft. High spots on the teflon shim increase the mirror spacing, which in turn
decreases the FSR of the BUC. From Figure 3.4 the finesse F of the BUC can also be
measured. It is simply the ratio of the FSR to the full-width at half maximum height
(FWHM) of a transmission peak (F = FSR/FWHM ([55]), which in this case is 250.
This number is typically used to describe the resolving power of a Fabry-Perot cavity
(interferometer). It can also be used to judge the potential gain of a BUC, since
it increases with mirror reflectivity, as does the circulating power inside the BUC,
and is relatively simple to measure experimentally. One important aspect of the
finesse is that a very high finesse resonator will typically have a very sharp line width
(FWHM). The theoretical expression for the finesse (F = mv/R/(1-R)) indicates that
the present BUC has a potential finesse of 6282 and, therefore, a FWHM of 1.3 MHz.
Considering that Coherent Laser Group claims a line width of 0.5 MHz for their laser,

it will become increasingly difficult to lock the resonant frequencies of a high finesse
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BUC to such high resolution lasers.

Close examination of the transmission peaks revealed that they are somewhat
asymmetric. To ensure this was not simply due to the slow response of the photode-
tector, a second slower scan (100 MHz/s) of the transmission spectrum was taken
(Figure 3.5). This spectrum was a result of scanning the laser past a longitudinal
resonance and then reversing the scan direction to measure the same resonance again.
In this case the “zero” frequency case marks the turning point of the laser. The res-
onance peak is much broader when the laser scans to higher frequency than when
the laser scans in the reverse direction (33.5 MHz versus 12.2 MHz). One possible
explanation is that the mirror coatings absorb some of the light circulating in the
cavity, even though mirrors were designed to have an absorption of no more than
20 ppm. If the circulating power in the cavity is great, this could still amount to a
significant quantity of heat being deposited on a very small area of the mirror sur-
face. The mirror coatings would expand, resulting in a slight decrease of the mirror
spacing and a shift of the resonance to a slightly higher frequency. Thus, the combi-
nation of the cavity resonance drifting to a higher frequency and the laser scanning
to a higher frequency results in a prolonged period of resonance and a broad peak.
There will come a point when the mirror coatings can no longer expand, when some
sort of “steady-state” has been reached. Then, when the laser scans over the top of
the resonance peak the mirror surfaces will begin to cool and suddenly shrink back,

resulting in a sharp decrease in transmitted light. During the reverse scan the cavity
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resonance frequency opposes the direction of the laser scan and the peak is much
sharper. This “heating” phenomenon can be exaggerated if the laser is scanned very
slowly, to produce resonances with an apparent width of 500 MHz! It is for this
reason that the lock-point for the electronics was chosen to be on the low frequency
side of the transmission peak. When a mechanical chopper was used to modulate the
amplitude of the laser beam, the BUC went through a series of heating and cooling
cycles, expanding and contracting, that made it very difficult for the tracking elec-
tronics to keep a BUC resonance locked to the laser frequency. The distortion of the

mirror coatings will limit the gain of the cavity and also the circulating power.

The intense heat build-up on the mirror is a result of the laser illuminating only a
small area of the mirror surface. The intracavity laser beam spot size at the mirrors

is given by the following equation [55] :

(3.1)

where g is the stability parameter (g9 = 1-R/L), L is the mirror spacing and R is
the reflectivity of the mirrors. The laser spot size on the mirror is calculated to
be 272 ym in diameter. If only 10% of the incident laser power (approximately
1.7 Watts) were coupled into the BUC and the gain were unity, the mirrors would
endure approximately 290 Watts/cm?. This is not an exceptionally large quantity,
since mirrors typically have a 1000 Watts/cm? damage threshold. However, a gain of

only four would exceed this limit and the following sections will show that the actual
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gain is much higher.

3.5.2 Build-up Cavity Performance

The most notable characteristic of any BUC is its gain. If the cavity were loss-less,
the gain could simply be calculated from the mirror reflectivities. An ideal symmetric
resonator has a maximum magnification of 1/(1-R), where R is the reflectivity of the
mirrors [55]. The mirrors chosen for this BUC have a reflectivity of 99.95% and,
ideally, a maximum gain of 2000. The losses of the cavity, either due to absorption or
a mismatch of the incident laser and BUC modes, can be determined by measuring the
ratio of transmitted (Iians) to the incident (fiyc) laser power. The following equation
relates these quantities [55]

Licans _ (1 — R)2e=20P

Iinc - (1 - Re-aoP)Z' (3.2)

In Equation 3.2 the losses (e.g. absorption losses) are represented by ag (cm™!) and
p is the cavity round-trip length (p = 2L, in cm). By carefully adjusting the PZTs it
was possible to hold the cavity near the peak of its resonance long enough to measure
the transmitted power with a calibrated power meter. The ratio of transmitted to

incident laser power was measured to be 0.514, resulting in a value of 5.4 x 10~5cm™!
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for ag. This value can be substituted into ([55])

Tiec _ 1-R
Linc - (1 - Re"’”)’

(3.3)

where I is the power circulating in the BUC. The gain is then established at
1030. This implies that there were 900 Watts (1030 x 0.514 x 1.7 Watts) of laser
light concentrated on a very small portion of the mirror surface (5.81 x 10~ cm?).
The mirror coating was subjected to 1.54 MW /cm?. For obvious reasons it was not
possible to keep the cavity locked to the peak of its resonance. The lock-point method
used in the present experiment reduced the gain and the heating of the mirrors, but
not substantially. Even at 75% of the maximum, the mirror coatings are required to
withstand more than 1 MW/cm?. Using this BUC in an application requiring laser
diodes that typically have 100 times less power may reduce this problem. However,
using a less powerful laser does nothing to help the measurement of weakly absorbing

molecular transitions.

3.5.3 Build-up Cavity Gain

Depicted in Figure 3.6 are two spectra of the J = 4 « 3 ro-vibrational transition
(11609.01 cm™!) of the v, + 3v3 band of acetylene. For simplicity the spectra were
centred about the absorption frequency of the transition. Spectrum A was measured

using the BUC and spectrum B was a result of a single crossing of the laser and
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molecular beam.

The first-derivative type line shape in spectrum A was a result of the frequency
modulation (FM) technique used for detecting the laser-induced signal [56,57]. The
laser frequency was modulated by adding a 107 Hz oscillation to the voltage ramp that
controlled the laser scan. Adjusting the amplitude of the oscillation therefore also
adjusted the frequency modulation amplitude. The maximum laser induced signal
was observed for a frequency modulation amplitude of approximately 5 MHz. Theory
predicts the maximum signal to be generated by FM amplitudes equal to the FWHM
of the spectral transitions [56]. This indeed compared well to the FWHM of the

absorption lines measured by laser intensity modulation (5.4 MHz, Section 2.4).

Although it had the appearance of a first derivative (Figure 3.7A), as can be seen in
Figure 3.7B a simple integration did not necessarily produce the true line shape. This
discrepancy was largely attributed to the fact that frequency modulating the laser also
modulated the intensity of the BUC. The resulting “true” line shape (Figure 3.7B)
was not easily integrated for comparison of transition intensities. When intensity
comparisons were required, the frequency modulation amplitude was reduced and
sometimes even the average of several line shape measurements was taken to obtain
a near symmetric line shape. The peak-to-peak intensities of lines of identical line
width could also be compared, but the transitions of interest rarely had identical line

widths.

The amount of frequency modulation also affected the line shape, but in this
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Figure 3.6: The high resolution spectrum of acetylene’s
v2+3v3 R(3) transition at 11609.014 cm™! is depicted here.
Spectrum A was recorded using the BUC, while spectrum
B was the result of a single crossing of the laser and the
molecular beam. The baseline noise in A was magnified by
a factor of 200 while recording the spectrum to provide a
more accurate measure of the signal-to-noise ratio (S/N).
The S/N ratio of A was approximately 4500:1 and B was
15:1. The result was a gain of at least 300.
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case, it was not possible to achieve a perfectly symmetric line shape by adjusting
the frequency modulation amplitude. Figure 3.8 depicts the line shape as a function
of frequency modulation amplitude for the R(4) v + 315 ro-vibrational transition of
acetylene. The integrated signal increased linearly with an increase in frequency mod-
ulation amplitude, but the line shape also became much more asymmetric. Even at
low amplitudes of frequency modulation (0.33 MHz), the line shape was not perfectly

symmetric and the signal-to-noise ratio was only about 2:1.

The broadening and asymmetry of the line shapes was not necessarily a problem
for well resolved spectra. However, the maximum FM amplitude was rarely used,
since the large frequency excursions often caused the BUC electronics to lose lock
of the resonance. Spectrum A in Figure 3.6 was measured using an FM amplitude
approximately two-thirds of the maximum. The precise loss of signal due to using
a lower than optimal FM amplitude is not known. The single pass experiment used
the conventional laser amplitude (intensity) modulation method. Comparison of the
signal-to-noise ratios of the two spectra (4500:15) leads one to believe the gain of
the cavity was 300. However, the signal in spectrum B was enhanced by a factor
of approximately 2.5, by using a cylindrical lens to create a better overlap between
the molecular beam and the laser. Taking this into account, the BUC had a gain
of approximately 750, close to the estimated value of 773 based on the lock-point

position of 75% of the transmission peak.
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Figure 3.8: The dependence of the line shape on the fre-
quency modulation amplitude for the R(4) v2 + 3v3 ro-
vibrational transition of acetylene. The maximum sig-
nal was measured using a frequency modulation amplitude
of 5.4 MHz (FMmax. amp.), resulting in a strongly asym-
metric line shape. The most symmetric line shape was
produced with minimal frequency modulation amplitude
(FMmin. amp.), bowever the signal-to-noise ratio was only
slightly better than 2:1. Increasing the FM amplitude, not
only increased the measured signal, but also increased the
line width. It also had the adverse affect of destabilising
the BUC.
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Chapter 4

Hydrogen Fluoride

4.1 Introduction

The dipole moment function of hydrogen fluoride continues to be a topic of inter-
est, partly because the molecule is sufficiently small to be amenable to high quality
theoretical treatment, and partly because of the availability of significant amounts of
relevant experimental data. In addition, the central role of emission from vibrationally
excited hydrogen fluoride in chemical lasers [58-60], and as a probe of reaction dy-
namics provides incentive for as quantitative an understanding of the dipole moment

of hydrogen fluoride as is possible.

The dipole moment function obtained by Werner and Rosmus using highly cor-
related SCEP/CEPA (Self Consistent Electron Pair/Coupled Electron Pair Approx-

imation) wavefunctions long provided the best agreement between ab initio and ex-
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perimental functions up to the v = 9 level [22]. More recently, Zemke et al. have
taken a potential energy function of hydrogen fluoride based on spectroscopic mea-
surements [61] and imposed upon it the proper long range behaviour by including
both dispersion and exchange effects [62]. This potential energy function was then
combined with a new ab initio dipole moment function, complete for all internuclear
distances, to calculate line intensities and dipole moments [63]. The results were in
excellent agreement with experimental data, particularly that of Sileo and Cool [64].
For high levels of vibrational excitation, the results of Zemke et al. represent a marked
improvement over those of Werner and Rosmus. That this improvement is largely
due to the more realistic potential energy function used can be inferred from the fact
that the dissociation limit determined by this function (D. = 49,362+5 cm™!) differs
markedly from that obtained from the full CI (Configuration Interaction), “bench-

mark” calculations of Bauschlicher et al. (48,960 cm™?) [65].

A calculation using density functional techniques [66], which are computationally
more efficient, was found to improve upon the results obtained from self consistent
field methods which neglect electron correlation. However, the calculations were
confined to the equilibrium geometry and seem less accurate than those performed
using the SCEP/CEPA method, which included large excursions from the equilibrium
geometry.

Sileo and Cool performed an extensive series of measurements of overtone emis-

sion intensities for hydrogen fluoride [64], and these have been the main source of
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experimental data to which theoretical results have been compared. Many of the sys-
tematic errors inherent in measuring emission intensities are less important in Sileo
and Cool’s analysis which only uses ratios of such intensities. However, one experi-
mentally determined dipole moment is necessary to establish absolute values of dipole
moments from Sileo and Cool’s data [64]. Measurements of the dipole moments of the
v = 0 and v = 1 states of hydrogen fluoride provide a second source of experimental
information which, although more limited, is both more precise and more accurate
than that of emission intensities [67,68]. In addition, the intensity of the fundamental
vibrational absorption of hydrogen fluoride has been carefully re-measured, once again
providing precise but limited information [69]. Comparison between experiment and
theory is most conveniently done by converting the combined body of experimentally
measured quantities, appropriately weighted, into an experimental dipole moment
function. This is normally expressed as a power series in the internuclear distance,
preferably augmented by some expression to enable extrapolation outside of the range
of internuclear distances covered by the experiment. Ogilvie has published the co-
efficients of such a power series up to sixth order, and has also carefully analysed

standard errors for these coefficients using a Monte Carlo method [70].

Zemke et al. claim that their calculated dipole moments are numerically sig-
nificant to 10~* Debye. This precision exceeds that of available infrared intensity
measurements which are also subject to systematic errors on the order of a few per-

cent. Therefore, it is of interest to measure the dipole moments of hydrogen fluoride
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in higher vibrational states than the v = 0 and v = 1 states so far reported. The
apparatus described in this thesis is capable of interrogating the v = 3 state and,

with some modifications, higher vibrational states.

4.2 Experimental Results and Data Analysis

A Faraday rotator was used to rotate the output polarisation of the laser electric field
45° with respect to the Stark electric field, to allow observation of transitions obeying

AM = 0, +1 selection rules (Section 1.2.1, page 13).

A 5% hydrogen fluoride in helium gas mixture and a stagnation pressure optimised
at 0.5 atm were used to produce the molecular beam. The HF rotational line positions
for the v = 3 « 0 vibrational transition were located using results from Fishburne
and Rao [71] and the Burleigh Wavemeter to set the laser frequency. The J =2 « 1
ro-vibrational transition at 11441.41 cm™! was split with Stark fields of approximately
40 kV/cm. A typical spectrum is shown in Figure 4.1 with the transitions labelled
according to Figure 4.2. Absolute frequencies were not needed and the Stark electrode
spacing did not need to be known exactly, because as is shown later only the ratio
of the line splittings (b — ¢)/(a — b) was of interest. This ratio was found to be

1.6793 +0.0018 experimentally, gathered from the analysis of forty separate scans.

For a diatomic molecule in an electric field, the electrical energies of the J and M
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Figure 4.1: Experimental Stark split spectrum of the R(1)
transition of the v = 3 band of hydrogen fluoride, induced
by an applied field of 36 kV /cm. The AM = +1 transitions
are labelled a, b and c as identified in Figure 4.2.
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Figure 4.2: Energy levels and transitions corresponding
to the Stark split spectrum of hydrogen fluoride depicted
in Figure 4.1.
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levels will be given by [19, 31]

Wosm = W + WA + W, (4.1)

where the dominant term is the second order dipole moment-applied electric field

interaction [30] :

W(g) _ /JSFZ J(J+ 1) - 3M2

wIM = 9hB, J(J + 1)(2J - 1)(2J + 3) (42)

The dipole moment (u,) and the rotational constant (B,) are for the specified vibra-
tional state v, and the appropriate selection rules for the present experiment are given
in Figure 4.2. The mean polarisability induced shift (—3a, F?) has been left out of the
Equation 4.1, not because it is negligible, but because only differences in transitions
are of interest. The shift is not M; dependent and will therefore cancel when the
differences a — b and b — ¢ are taken. The effects due to the polarisability anisotropy
(W,fﬁﬁ)l) and the fourth order dipole-applied electric field interaction W,f:} M are less
than 0.5% for applied electric fields on the order of 40 kV/cm. It is therefore not
necessary to know the exact electric field for the fourth order correction. The elec-

tric field was estimated from the second order term after calculating the upper state

dipole moment based on second order perturbations alone.

The effects of the anisotropy of the polarisability are compensated for by applying
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the following correction (31]

(o —e)F? J(J +1) = 3M?
3 (2J +3)(2J - 1)’

Wi = (4.3)

where (o — ay) or Aa is the anisotropy of the polarisability of the molecule. The
vibrational dependence of A« has been ignored, since W}j,‘) is much less than W,f?} M-

Omitting the contribution from W,ff} M one can write the Stark energies as

(4.4)

W _ | _Csu*F*  CpAaF?]| [J(J +1) —3M?
M = 19B (T + 1) 3 (2J —1)(2J +3)] °
where Cs and Cp are conversion constants that give units of MHz for W, sar (see
Table 4.1). The equations for the individual M; transitions, a, b and c, depicted in

Figure 4.1 are as follows:

Csp§ Csﬂg 17CpAa) ...
2 [4233 * 208, 105 | T (4:5)
Csu3 Csu?2  3CpAc] .,
- _ 4.
b [2030 28, T 105 |7 (4.6)
Csu% Csﬂg QCPAa 2
= - 4.7
N [2030 2B, T 105 | T (47)

With a little algebraic manipulation, the excited state dipole moment can be expressed

in terms of the ratio (b — c)/(a — b), the ground state dipole moment and the
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appropriate rotational constants:

Bs [ 63u3 b—c) 42 b-c) 3]
2_—_ — - = - .
”3‘05[2OBOCS+A"CP (4(a—b) 35)| [\a=b) "1 (48)

where Cs and Cp are the second order Stark and polarisability constants, respectively.

Once the second order corrections had been evaluated the electric field was esti-
mated by comparison of the measured splitting (a — c) with the splitting calculated
from the second order determination of the dipole. The fourth order correction was

then calculated using Equation 4.9 [36),

ww  _ HF [ [(/ +1)* - M?|[(J +2) — M?]
whM T gR3B3 | (2J +1)(2J + 5)(J + 1)2(2J + 3)3
(J =1)* — M?|[J? ~ M?] [J2 = M?|[(J + 1) — M?]
T RT3 T T DRI =17 @ = 1)(@2J +3)(2 + 127 + 1)
+ [(J + 1)2 — M2]2 [J2 _ M2]2 (4-9)

(2J +3)2(2J +1)2(J + 13 (24 +1)3(2J — 1)2J3] "

Table 4.1 lists the required variables and the results of all of the calculations.

4.3 Discussion

Figure 4.3 provides a convenient format for assessing the information available con-
cerning the dependence upon vibrational quantum number of the dipole moment of
hydrogen fluoride. In this figure, the theoretical results of Zemke et al. [63] have been

subtracted from the corresponding experimental values. The circles denote measure-
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Table 4.1: Experimentally Measured Dipole Moment for
Hydrogen Fluoride

Constant Value Units Reference

Bo 20.5597209  cm-! [72]

Bs 18.26930 cm™! Calculated from [72]

Ko 1.826567 Debye [68]

oy —ay 022040020 10-*cm? [73]

Cs 0.253415 MHz D-%*(V/em)™?

Cp 1.67917x10'* MHz cm™3(V/cm)~?

F 36 kV cm™!

13 1.9612 Debye From Equation 4.8

43 1.9614+0.0021 Debye Corrected for Equation 4.9

ments made using Stark splitting of spectra using various molecular beam techniques:
the diamonds are dipole moments as reported by Sileo and Cool. The discrepancy
between the two sets of data arises because of the incorrect value of u. used in their
analysis. It is perfectly valid to adjust the diamonds upward a constant amount so
that the two sets of data overlap at v = —1/3 ; it is essential to make such an ad-
justment before attempting comparisons with theoretical predictions of the quality
claimed by Zemke et al. After the adjustment is made, the two sets of experimental
data are in excellent agreement and it seems clear that the theory underestimates g,
(1.8022 +0.0001) by 0.004 Debye and overestimates the rate at which u, increases
with v at least for v < 4. Nevertheless, the agreement over the full range of available

data of better than +0.005 Debye is most impressive.

The triangle in Figure 4.3 (page 68) represents the value for u; calculated by

Muenter from an experimental dipole moment function based on Molecular Beam
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Figure 4.3: Plot of the difference between the experimen-
tally determined dipole moments and the ab initio dipole
moment data taken from Zemke et al. [63] for hydrogen
fluoride (see Table 4.2). The < represent data from Sileo
and Cool [64], the O are from Muenter et al. [68] and the ®
represents the present work, and the A was calculated by
Muenter et al. based on the, at the time, existing experi-
mental data. To date no direct experimental measurement
of the v = 2 dipole moment exists. The % were calculated
using the Herman and Short theory together with values
for the M; and a; taken from Ogilvie [70]. e represents the
equilibrium position.
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Electric Resonance measurements of i, 4, and the transition dipole moments (0|u|1)
and (0|u|3) [68]. It seems clear that this value of 1.9232 Debye for y; is in error: in
fact, the ab initio value of 1.9176 is five times closer to the interpolated value of
1.9185 + 0.0001 Debye established by the present measurement of u3. The prob-
lems encountered in establishing dipole moment functions have been discussed by
Muenter et al.: what follows examines the accuracy with which dipole moments may

be extracted from these functions.

Experimental values for the dipole moment, observed for several vibrational states,
are most conveniently expressed as a power series in (v 4 1/2) where v is the vibrational

quantum number [68, 74, 75].

po = P; (v + -;—)J (4.10)

The dipole moment function, on the other hand, is normally expressed as a Taylor

series in the reduced internuclear displacement from equilibrium [64, 70].

u(z) =Y _M;z : x=-(%l (4.11)

With this choice of dipole moment function, expressions for dipole moments and
transition dipole moments can be written as a series of linear equations and thus
experimental values of these quantities can be used to determine a set of values of

M;. The maximum value of j in either approach is determined by the quantity and
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Table 4.2: Experimental and Theoretical Dipole Moments
for Hydrogen Fluoride

Theory Experiment ‘"
(Debye) Zembke et al. Ogilvie et. al. Sileo & Cool Muenter et al. This

[63] [70] (64] (68] Work
e 1.7996 1.8027 1.796 1.80309 1.8022
Ko 1.8234 1.8265 1.819 1.826567
pr 18711 1.8738 1.865 1.873693
W2 1.9176 1.9199 1.909 1.9232 1.9185
ps  1.9622 1.9643 1.953 1.9614

quality of the available experimental data. Because the number of measurements
of transition intensities greatly exceeds the number of measurements of vibrationally
state specific dipole moments, the power series (Equation 4.11) is the most commonly
used. Indeed, for hydrogen fluoride the present measurement allows, for the first time,
the determination of P; (Table 4.4) whereas values for M; up to j = 6 are available
in the literature. A third form of expansion, the “wavefunction approximation”, has

been shown to be equivalent to the power series (Equation 4.11) [70].

Interconversion between the coefficients of the two expansions is possible following
the paper of Herman and Short who showed that P; may be expressed in terms of
M;, (B./w.), and a;, the potential energy coefficients in the Dunham function {75, 76).
Previous work seems to have over-estimated the rate of convergence of this appyroa.ch,
partly perhaps in deference to the tedious algebra involved. Programs capable of
implementing symbolic computation have removed this latter obstacle: accordingly,

a Maple™ program was written to re-derive the expressions given by Herman and
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Short, but including terms up to (B./w.)* and Dunham potential energy coefficients
up to ag. These limits were established by the non-availability of expressions for the
Dunham coefficients higher than Y4o. Analytical expressions for P; (j = 0 through 4)
are given in Table 4.5 at the end of this Chapter and Table 4.3 provides the numerical
expressions for P; as functions of M; obtained by substituting the values of a; given
by Ogilvie for hydrogen fluoride. As a test of these expressions, the dipole moment
function of Zemke et al. was fit to a power series, and the resultant values of M;
substituted into the expressions in Table 4.3 to obtain values of P;. These were then
used to calculate values of g, ( v=0 through 3 ) which agreed to within 10~ Debye of
the corresponding values calculated by Zemke et al., indicating that both the values
of a; and expressions for P; are satisfactory for the present purpose. In Table 4.4 a
comparison is made between the P; values based on Ogilvie’s M; and the expressions
in Table 4.3, and the values obtained directly from Equation 4.10 and experimentally

determined dipole moments.

The values of M; obtained by Ogilvie from a careful analysis of dipole moments
and infrared intensities for hydrogen fluoride were then used, in a similar manner, to
calculate values of yu, for v = —1/2 and 0 through 3. These results have been inserted
into Figure 4.3 as solid stars. It can be seen that the M; values suggested by Ogilvie
provide better agreement with the trend established by the present measurement than
that obtained by Muenter. Even so, the agreement seems to be deteriorating with

increasing v.
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Table 4.3: Numerical Expressions for P; as a Function of M;

P

Py

P,

M, +4.405 x 10-° M; + 4.687 x 10-° M; + 1.685 x 10-° My
+ 1.602 x 10~ M,

3.423 x 10~2 M; +5.068 x 1073 M, + 2.985 x 1078 M, + 9.442 x 10~7 M,
+ 1.158 x 107 M5 + 4.507 x 10~° M,

4.689 x 10~ M; + 7.074 x 10™* M, + 1.446 x 10~* M, + 6.519 x 10~¢ M,
+2.793 x 107% M; + 3.537 x 10~° M,

9.440 x 107 M, + 1.880 x 1075 M, + 1.220 x 1075 M, + 2.449 x 10~¢ M,
+1.706 x 107 M5 + 3.606 x 10~° M,

~5.000 x 1078 M; +2.034 x 10" M, + 4.383 x 10~7 M + 1.790 x 10~7 M}
+3.230 x 10~% M; + 2.622 x 10~% M;

Table 4.4: Comparison of the Literature and Present Values for P;

P; Ogilvie et al. [70] This Work

P, 1.8027 1.8022
P, 0.04774 0.04931
P; -1.209x10-* -0.001091

P; -8.958x10~5
Py -1.677x10°
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Table 4.5: Analytical Expressions for P;

3
Po - Ma + [(_21 a; + 23(11 asg _ 1503) Ml

8 4 4
7(112 342 7 3 Bez
+ ( I T) M, — de Ms + ‘2‘M4] .2 (4.12)

B, 311854a;% 14259a,3a, 51454a,%a
P = (-3a; M, +2M2)Z)—+[(— 2561 + 321 2 1(;, g

715asas  795a; a6, 4677a; as® 175 Gs) M
- 1

+ + -

4 4 16 2
10395a;* 335a,® 475a; a3 75a; 3213 a,%a.
+ ( 28 T8 T4 2 15 )™
95 ag 459 a; as 1155 a; 3 67 as 459 a; 2
+ (" 2 74 16 )M“L(' 2 t—g )M

9 B.?
- ga,M5+25M5] -

We
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Py

45(113 2
394, as — 15as — ——— | M, + (15a, —eaz) M, —15a; Mg

2
B.? 1393515 a2 @, 1890135 as3a,® 948525 a;%as a2
GM‘] w2t [( 64 - 64 + 32
174015 a; a,® 72255 as>a, . 439015547
16 + 8 -~ 11760 a; a; az — 5805 a; ag — '—'-1—024———'
84285 as%ay 11655as az = 10935 a; as 108885 a5 a;2
16 + 4 + 1 + 3465 a; g — —-16—-—
4063725 a; *ag 2205 a7y M, + 1463385 a; ¢ 719955 a;%a; 1707 ay®
256 2 ! 512 64 2
2 2 3
7335 a, as a5 — 8535;11 ay + 2655262 ay + 325i ag + 1193215661 ag

4095 a; as + 310065 a;%a, 1365 as + 8535 a; a;

2
— 490 as) Mg + (—'

2 32 2 4
7335402 a3 71595a;%as 62013 a; ap’  239985a,%a; 627165 a; 5) M,
4 16 16 32 256
(_ 8852 a 512; as? + 7335:, as 6201:;;,%2 + 239?22 a,4) M,
(_ 10825 as 7335:, a 238(;‘2 a,3) M,
(_882 as 8532 m’) Mﬁ] f: (4.14)

+225asa3 — 70 as

19035 q, 3 4 7545 a;3as 2055 a; a2  2175a;%ay
64 8 4 4

6345 a,* _ 1575 a;%a, + 85 ap?

32 4 ) + 175 a; ag — 30 a‘) Mz

255 a; a‘) M, + (

( 705 a,° 225 a,?

1 +225a1 02—7003)M3+(

— 34 az) M4

33

e
w3

70 a; Ms + 20 Ms] (4.15)
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2430855 a,7 697095 as a,5 839475 as%a,3 27195 a.3a;
= — —_— - 31 —_—
B [( 52 T 32 32 315a7 +
2 3 2 2
+ 357825 Q; "Gy Az + 61875 a; Gy _ 24945 g Qg — 7080 a; a as — 7455 ay ag
16 8 8 2
30345 a5 a;2 2415asa; 2715a,; as 1753425 a; tas
_ 2 + 5 + 5 + 1470 a; a5 — 158 M,
810285a,® 348975a;%as 124725 a;%as,® 48825a;3ay 3
- - 375
+ ( 256 322 T 1.6 T 8 375 a2
945 ag?

— 48304, asas —2715a;%a; +495 a2 a; +

2

+ 945 a; as — 140 as) M,

+ ( 347265 a; 3 + 116325 a;3%a, 24945 a; a,? 29295 a;2ag + 2415 ay ag

128 16 8 8
2715 a; a4 116325 a; 4 24945 ay 2(12 1125 422
+ 2 - 315 as) M + ( oA - 3 + 1
3
+ 24152a1 as 165 a4) M, + (_9762@ + 24152a1 as 315 as) M,

2 4
+ (F58C  6sa, | M| B
4 wet

(4.16)
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Chapter 5

Acetylene v; + 313

5.1 Introduction

The ro-vibrational spectrum of the ground electronic state of the acetylene molecule
has been studied extensively over the past 70 or so years. The molecule’s simple
linear geometry has lured many a spectroscopist, resulting in a plethora of literature
detailing its spectrum and the difficulties that have arisen during the analyses. In
fact, Herman et al. listed no fewer than 127 measured vibrational bands between 600-
12000 cm~! alone during their attempt to perform a detailed analysis of acetylene’s
vibrational structure [2]. The object of this recent analysis was to find a model that
could adequately describe the irregular vibrational energy pattern at higher energies.
The reason for the irregularities was attributed to the incredible congestion at higher

levels of vibrational excitation. The energy regime accessible by the Ti:Sapphire
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laser alone encompasses 25 vibrational bands, of which only ten have been assigned
to any particular vibrational transition [9,47,77,78]. Extensive calculations, such
as those by Herman et al., have been more successful in assigning vibrational state
labels by dividing up the 127 input energies into “clusters” of vibrational states [2]
thought to have been coupled by Fermi (28], Darling-Dennison [79] and Coriolis {80,
81] resonances. The criteria for the inclusion of a vibrational state within a particular
vibrational “cluster” were based upon a set of pseudoquantum numbers developed
by Kellman [82,83]. Acetylene has three such pseudoquantum numbers. The first,
ns, = (Vi + V2 + V3), is the total stretching quantum number, which is followed by
a total vibrational angular momentum quantum number, n, = ({5 + ¢5). The third
quantum number, n, = (5V; +3V2 +5V3+ V4 + Vs) , fixes the energy of the vibrational
cluster and, hence, imparts a “resonance condition” [84]. The “cluster” number
{ns,n,,n,} combined with the gerade/ungerade symmetry label uniquely defines a
set of vibrational states that are coupled via anharmonic resonances [2]. This thesis
will examine the effects various coupling mechanisms have on the electrical properties

of acetylene.

The application of external electric fields can also open up new mechanisms for
state to state coupling, particularly for molecules as symmetric as acetylene. This
chapter deals with the analysis of a Stark field induced interaction between two highly
excited vibrational overtone states of acetylene. In the case of acetylene, a direct

transition from the ground state to the interacting state must be forbidden. Hence,
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the Stark field will allow the measurement of a state that cannot be measured directly
by infrared spectroscopy. Not only will the measurement of the polarisability tensor
of the optically excited state be possible, but also the measurement of the transition
dipole moment connecting the two interacting states and their relative band origins.
Reilly has carried out such experiments on methane, measuring vibrationally induced
dipole moments [26,48]. Pate has described similar experiments on 2-propyn-1-ol, and

discussed the complexities to be expected from extremely high state densities [85].

The following results are a direct test of the local mode calculations of Child and

Halonen [11].

5.2 Experimental Details

The molecular beam was prepared by expanding a mixture of 10% acetylene in helium
at a stagnation pressure of 0.5 atmosphere (Figure 2.4). The ro-vibrational transitions
of the 11 + 3v; band (12675.63 cm™!) were located using the photoacoustic cell and

tables of previously measured transition frequencies [86].

Because acetylene has no electric dipole moment, extremely high electric fields
(> 300 kV/cm) are necessary to induce Stark splittings, even with the high resolution
(approximately 5 MHz) of the molecular beam spectrometer. The Stark electrode
gap was determined by calibration against the hydrogen fluoride v = 0 electric dipole

moment [68] and found to be 0.68534:0.0007 mm.
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The Stark shift of the transition energies was sufficient to allow the measurement
of the unperturbed and the Stark split rotational spectrum during the same laser
scan. This was accomplished by turning the Stark field off once the laser had scanned
through the Stark field perturbed spectrum, thereby recording the field free transition
within the same scan (Figure 5.1). The Stark induced shift as well as the splittings
were recorded using this technique. All Stark shifts and splittings were found to
be quadratic in electric field within the precision of the experiment for the v, + 315

combination band.

Measurements were made on the R(0-5), R(7), P(1), and P(2) ro-vibrational tran-
sitions of the 14 + 33 band. A typical Stark spectrum of the v, + 3v; R(1) transition
is depicted in Figure 5.1 with the transitions labelled according to Figure 5.2. The
laser electric field polarisation was rotated 90° with respect to the Stark Field in order

to observe only the AM = +1 transitions.

The relative intensities of infrared (500-5000 cm™!) vibrational bands of acetyl-
ene were measured using a BOMEM DA3.002 Fourier transform infrared spectrome-
ter. The rotational lines were broadened to 0.13 cm™! (FWHM) with approximately
705 Torr of helium buffer gas and measured with a resolution of 0.05 cm™!. The abso-
lute band intensities were measured to be 701 cm~? atm™! (v5) and 78.3 cm™? atm™!

(v4 + vs) based upon the previously measured value of 223.22 cm~2? atm™? for the v,

v3 + v4 + v5 Fermi diad [87].
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Figure 5.1: The Stark field perturbed spectrum of the v, +
3vs R(1) transition with an applied field of 265.5 kV/cm.
The transitions a, b, and ¢ are labelled according to Fig-
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5.3 Results

For a linear molecule having a zero permanent electric dipole moment, in a uniform

electric field (F), the electrical energies of the J, M levels can be described by [19]

1, J(J+1)-3M? \
Wumu(F) = —seF - o er+ao*F (5-1)

where a, is the polarisability and Aq, is the anisotropy of the polarisability in quan-
tum state v. Higher order terms in F need not be considered, because the Stark field
perturbed spectra showed a linear dependence on F'. A linear least squares fit to the
R(1) Stark shifts and splittings recorded at various electric field strengths resulted in

a correlation coefficient, R, of 0.9996 (Figure 5.3).

The equation for the Stark transition is :

S 41 - 3M?
3020 — )2 +3) °

1
Wasrae(F) — Wosmen(F) = —E(Gu—QO)Fz"[

JII(JII + 1) - 3an
3(2J" —1)(2J" +3)

Aao] F2 (5.2)

In order to determine a value for (a, — ag) and Aa,, measured rotational line shifts
and splittings were fit to Equation 5.2. The ground state (static) anisotropy (Aayg)
was calculated from 17 measurements of the Stark split P(1) transition, which does
not depend upon the excited state polarisability anisotropy. The ground state Aa was

found to be 1.07140.014 A3. Table 5.1 lists the results for the excited ro-vibrational
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states, each an average of 5 or more measurements. Above J = 4, the individual M
components of the Stark field perturbed spectrum could no longer be resolved and

only spectral profiles could be fit.

Table 5.1: Experimental Results for the [1030°0°) State of Acetylene

(ay — ap) A3 Aa, A3
-11.66 +0.03 |Not Available
22.49 +0.05 |10.13 +0.04

3.92 +0.07 {3.11 +0.06
1.881 +0.009 [ 2.232 +0.024
1.260 +0.012]2.076 +0.012
1.209 +0.012 | 2.977 +0.013
0.499 +0.00710.79 +£0.010
0.488 +0.010}1.15 +£0.03

00 O UV b QOO = Oty

5.4 Discussion

The results presented in Table 5.1 show a remarkable dependence on the rotational
quantum number of the excited state. The normal mode description of the |1030°0°)
state places one quantum of excitation in the symmetric C-H stretch and 3 quanta
in the asymmetric C-H stretch (11 + 3v3). Local mode descriptions of the state
place all four quanta in one or other of the C-H bonds, and then form symmetric
and antisymmetric linear combinations of such excitations [11]. The antisymmetric
combination, designated 04, corresponds to |1030°0°) (ungerade symmetry) while the

symmetric combination, designated 04*, corresponds to |0040°0°)(gerade symmetry).
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In what follows the dramatic J-dependence of the polarisability (see Table 5.1) is

attributed to the Stark induced mixing of the 04* and 04~ states.

The 04% state may not be accessed by a direct transition from the ground state:
however the 04~ to 04% transition is allowed and will provide a vibrational contri-
bution to the static polarisability of the 04~ state. When J = M the applied field
can only couple to the state of opposite parity with rotational quantum numbers
J+1,M (AM = 0) allowing an easier visualisation of the effects of the coupling (See
Figure 5.4). With B ~ 1.15177 cm™! [47] and the difference in band origins, ©, as
3.9 cm™! [11], (04~,J = 0) is 1.6 cm™! higher in energy than (04*,J = 1) and so is
shifted higher in energy by the field corresponding to a negative polarisability. All
other (04~,J) levels are lower in energy than (04*,J+1) and so have positive polaris-
abilities.

The Stark effect for two closely spaced energy levels has been described by Townes
and Schawlow [30]. Briefly, for two states, ¥ and 2, interacting in the presence of

an electric field the new wavefunctions can be written as

¢t = ad)? + b')bg ] (5‘3)

and the new energies (W), given by the secular equation

We—W Wi
=0, (5.4)

Wn WP—-W
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4 (04) vi +3vs (047)
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Figure 5.4: A simplified coupling scheme for the J = M
energy levels of the 04~ and 04* vibrational states. The
rotational constants were assumed to be equal and the dif-
ference in band origins was taken to be 3.9 cm™! (see Ref-
erence [11]). The coupling strength was exaggerated some-
what to make the effect more noticeable
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where Wy, = F?ul,, are

1
0 L WO wo — wo\? f2

If the interaction energy, Fu,s, is less than (WD — W3 /2), Equation 5.5 can be ex-

panded to give

le‘gz
WP — Wy

F 2#?2

Wi=W+ ~ W —ws

+--- and Wa=W{ .- (5.6)

The first term in each expansion is the unperturbed energy of the state and the second
term is the corrective shift that accounts for the coupling of the states. Following
infrared selection rules, the J state of 04~ can only couple with the J + 1 and J —1
states of 04*. The correction to the energy of the (04~,J) state is the sum of the
corrective shifts from the coupling to the (04*,J + 1) and (04, J —1) states and can

be expressed as :

eF = Wiost,1+1) « (04-.0) + Wioat J-1)  (04-.) - (5.7)

Substituting the appropriate corrective shifts from Equation 5.6 results in

2 2

04— 2 Biired Bi-1eJ

&y = F [ -~ + — . (5.8)
W — W3 W - Wiy

W™ and W, are the energies of the unperturbed states and gy o is the J de-
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pendent transition dipole moment connecting the two states. The latter is given

by [30]

2 (J+1)2 — M? J: — M?

2 __ 2__.,2

The energy, €5, can also be supplied by Equation 5.1. Combining Equations 5.1,

5.8 and 5.9 produces Equation 5.10:

1 J(J +1)-3M?
2% * 3er-DET 13" (5.10)
_ _2[ (J+1)2 - M2 + J? — M?
= THle—2BU+ )T+ 12T +3)  (®8+2BN2I-1DEJ+1)]|

In order to fit the measured data to Equation 5.10, a value for the ground state
polarisability must be assumed. Meath and Kumar have calculated a value of 3.40 A3
for the electronic contribution to the static polarisability based upon dipole oscillator
strength distributions and available experimental dipole oscillator strength and molar
refractivity data [88], the results of which are in complete agreement with experimen-
tal data [89-91]. To make use of this value in the present calculations it must be
corrected for the vibrational contribution to the polarisability. For a linear molecule
in internal state v = 0, the parallel and perpendicular vibrational contributions to

the ground state polarisability tensor can be written as [3§]

vi 2 -
o = ,‘,;"%wuoll(vlﬂzlﬂ) 1
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vi 2 -
L = 7o 2w | (vlpl0) [ (5.11)
v#0

where wyo is the frequency (in cm™!) for the transition v « 0 and x./u. are the paral-
lel/perpendicular components of the electric dipole operator relative to the molecular
symmetry axis. The matrix element {(v|y;|0) (i = z or 2) can be evaluated from
measured band strengths by the relationship ([92]) :

812 e FT(1 — e )
3hc Qvib

Se Gvwro | (v|uil0) [? (5.12)
where Quip is the vibrational partition function, g, is the degeneracy of state v, Eg

is the ground state energy (cm™') and S? has units of cm-molecule™. Combining

equations (5.11) and (5.12) yields

. 3 QvibSp
awbor _ 3 —_ i — 0 (5.13)
oflort) = 273 #Zo e (1 — e )l g,

and the component of o’ is determined by the symmetry of the infrared absorption
band. Using the currently measured band strengths this analysis produces values of
0.56 A% and -0.72 A3 for of® and Ac}®, respectively. Previous analyses only in-
cluded the 5 transition when calculating ogiP [93]: the present measurements show
that the contribution from v4 + vs is approximately 2.2 times larger than that from
v3. Usually fundamental vibrational transitions provide the dominant contribution

to a,. However, as may be seen in the results section, v3 is not a strong transition ;
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furthermore, it is three times higher in energy than v4 + vs. Therefore, in this par-
ticular case a combination band and a fundamental make a comparable contribution.
Despite the inclusion of v4 + vs, the major contribution to the revised estimates of
af® and Aay’® is the improved value for the strength of the vs transition. The ground
state static polarisability can now be set at 3.96 A® and a fit to Equation 5.10 gives
ag- = 4.6240.09 A3, 4 = 0.0696+0.0012 Debye and © = 4.13330.016 cm~!. The
latter value is in good agreement with the local mode analysis of the acetylene vibra-
tional modes, which predicts a band origin difference of 3.9 cm™! [11]. Figure 5.5

depicts a fit of Equation 5.10 to the data for the special case J = M.

The present measurement of the ground state static polarisability anisotropy of
acetylene (Aap = 1.071 A3) differs from measurements based upon Rayleigh scatter-
ing (1.74 A% [40] and 1.653 A3 [41]) and those based, in part, upon the Kerr effect
(1.3240.29 A2) [93]. Although the Kerr effect measures the static polarisability, due
to experimental limitations, the measurements of acetylene were not comprehensive
and the value determined for Acag is not necessarily reliable. The Rayleigh scat-
tering measurements made in the visible region of the spectrum were extrapolated
to produce the “zero frequency” anisotropy of the polarisability. Adjusting for the
vibrational contribution calculated earlier brings the Rayleigh scattering values to
1.02 A® [40] and 0.933 A® [41], of which the former is in good agreement with the

present measurements.

It is of interest to note that, although the vibrational transition dipole moment
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Figure 5.5: The result of the non-linear least-squares fit of
Equation 5.10 to the experimental data for the J = M levels
only. The O represent the left-hand-side of Equation 5.10
calculated from the experimental values obtained for a, s
and Aay, . The smooth curve describes the fit of the right-
hand-side of Equation 5.10 to the experimental data.
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connecting 04% and 04~ is along the symmetry axis (¥ — ¥ transition), both com-
ponents of the polarisability tensor are enhanced by the coupling. Figure 5.6 depicts
the parallel (o) and perpendicular (a;) components of the polarisability tensor as
a function of J. The parallel component (stars) is slightly more enhanced than the
perpendicular component (solid circles). The reason for the increase in both compo-
nents is unclear. Also, it is interesting to see that at J = 5 the paralle] component
appears to have received an additional increase over the perpendicular component.
This unexpected increase in Aa manifested itself as an increase in the splitting of
the Stark field perturbed spectrum of R(4). It is speculated that another, weaker,

interaction with a different state (not 04%) may be responsible for this.
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Figure 5.6: The components of the polarisability tensor
are plotted here as a function of J. The solid circles de-
pict the perpendicular components (a, ) and the stars are
the parallel components (ay). Notice that both compo-
nents of the polarisability tensor are enhanced despite the
fact that the transition dipole moment connecting the two
vibrational states lies along the molecular symmetry axis.
The J = 0 data point could not be calculated since a mea-
sured value of the polarisability anisotropy is not available
for J =0.
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Chapter 6

Acetylene 15 + 313

6.1 Introduction

Some of the earliest literature on the v; + 33 band of acetylene described “distur-
bances” in the spectra and “extra lines” [94]. More recent studies have shown there
to be 14 vibrational bands within the 11500-11900 cm™! range, all of which have
exhibited extensive perturbations [78]. These bands were analysed by assuming they
interacted via Fermi, Coriolis and ¢-type resonances [80]. As a result, six of the 14
were identified. Milce and Orr have conducted infrared—ultraviolet (IR-UV) double
resonance experiments that indicated the |0130°0%) state (12 + 3v3; band) was strongly
coupled with a, tentatively labelled, |0130°0%) state ([ + 3v3]q band) [95, 96]. They
noted that the J = 5 level of [0130°0%) was unusually “UV-bright”. This was unex-

pected, since the first electronic state (A) of acetylene has a trans-bent geometry [27],
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favouring transitions from the ground electronic state that have the trans-bending vi-
bration (v4) excited. In order to observe the UV spectra originating from the |0130°0°)
state, some mixing with a state containing several quanta of the ¢rans-bending vi-
bration must be occurring [95]. Crim et al. have reported similar observations for
2, 3 and 4 quanta vcy (C-H) stretching vibrations in a series of experiments on

acetylene [97-100].

Field et al. have conducted stimulated emission pumping experiments that probe
the vibrational overtone region of acetylene from 5000-18000 cm™! [84,101]. Their
results indicate a much more restrictive view of intramolecular vibrational redistri-
bution in highly excited acetylene than was previously thought [102]. The almost
complete absence of C-H stretching excitation in the A — X seemed to indicate a
restrictive coupling of the initial C=C stretch/trans-bending excitation to the other
vibrational degrees of freedom. The ensuing analysis determined that a Darling-
Dennison resonance was required to transfer energy to the cis-bending vibration (vs)
before the energy can be transferred to the other vibrational modes. However, this
latter energy flow seemed to be further restricted in that a C=C stretching excitation
was also required, resulting in a far more organised picture of energy flow than was

originally expected.

The acetylene C=C (v;) stretching vibration is not included in local mode cal-
culations and therefore some type of hybrid notation needs to be used to describe

the |0130°0°) state (ungerade symmetry) using local mode terminology. The C-H
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stretching portion of the [0130°0°%) state is written as 03~ in local mode notation and
its corresponding gerade state is 03* (normal mode |1120°0°)) [11]. A hybrid local
mode notation of 1|03~ will therefore be used to describe the [0130°0°) state. The
03~ state was calculated to be 17.1 cm™! higher in energy than the 03* state [11] and

it is assumed that this will also be true for the 1{03~ and 1|03+ states.

What follows will not only test the local mode calculations of Child and Halo-
nen [11], but, hopefully, also be a probe of the mysterious, strongly perturbing,

|0130°0%) 1 state.

6.2 Experimental Details

Generally, the experimental conditions were identical to those for the measurement
of the 14 + 313 band of acetylene. The main difference here lay in the fact that the
ro-vibrational transitions of the v; + 3v3 band (11600.07 cm™!) were approximately
five times weaker than those of the »; + 313 band, requiring the use of the BUC.
Measurements were made on the R(0) to R(7) ro-vibrational transitions, by using
the laser power build-up cavity (BUC) and tables of previously measured transition

frequencies [94, 103].

The BUC Stark cell could not be as well insulated as the regular Stark cell due
to the close proximity of all the components within the aluminum BUC housing.

Typically fields of no more than 183 kV/cm were generated with the BUC Stark
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electrodes. The BUC Stark gap was measured to be 0.8187 mm by calibration against

the hydrogen fluoride v = 0 electric dipole moment [68].

In the case of v, 43143, the Stark shift of the transitions was not usually sufficient to
allow the measurement of the unperturbed and the Stark split ro-vibrational spectrum
during the same laser scan. The spectra were often measured twice. One spectrum
was usually taken while turning the electric field off during the scan to locate the zero
electric field position, at the expense of part of the Stark split spectrum. The scan
would then be repeated with the electric field left on. During the analysis the two
spectra were overlayed to locate the zero electric field position in the complete Stark

field perturbed spectrum.

6.3 Results

The analysis of the spectra for the Stark split ro-vibrational transitions of the v2 + 34
band was not as straight forward as that for the vy + 3v3 band. Figure 6.1 depicts
the Stark field perturbed spectra of the R(0) to R(7) ro-vibrational transitions at an
electric field of 171.0 kV/cm. The Stark split spectrum of the R(0) transition consists
of two peaks instead of just the one expected for AM = +1 selection rules. The laser
electric field polarisation was rotated slightly away from 90° with respect to the Stark
field to allow the observation of two Stark transitions (M = 0 « 0 and 1 + 0) and,

hence, the measurement of the excited state polarisability anisotropy.
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As can be seen in Figure 6.1 not only did the polarisability change sign at R(5),
but the coefficient for the splitting of the transition for R(4) seems to be an order
of magnitude greater than the rest. In fact, at this particular field, the spectra of
R(3), R(4), and R(5) cannot be fit to the Stark equation for a non-polar molecule
(Equation 5.2). As a result, the Stark electric field dependence of each of the ro-
vibrational transitions was examined in detail. Only spectra from R(3), R(4) and R(5)
could not be fit to the second order Stark equation at all fields. The polarisability
data extracted from the R(0), R(1), R(2), R(6) and R(7) Stark field perturbed spectra

are given in Table 6.1.

In order to provide a better picture of what the expected pattern for a Stark split
spectrum is, the peak positions of the Stark split spectra of R(2) (Figure 6.2A) and
R(3) (Figure 6.2B) are plotted as a function of electric field. The R(2) Stark field
perturbed spectrum follows the F'? dependence predicted by Equation 5.2. The R(3)
spectrum not only has peaks that tune more rapidly than F?, some of these peaks
seem to originate from outside the R(3) Stark split manifold. However, at lower
electric fields, the Stark split spectra for R(3) (72.0 kV/cm) and R(5) (107.9 kV/cm)
followed the second order Stark effect and were fit to Equation 5.2. The polarisability
data for R(3) and R(5) were obtained at these lower fields and are also listed in
Table 6.1. Hence, peaks that tune according to the second order Stark equation will

be called normal and peaks that tune much more rapidly will be called rogue.



CHAPTER 6. ACETYLENE v; + 3v3

Intensity (arbitrary units)

e

e

o

e

.
h R(7) .
~ R(6) _

‘__J\l /\IR(4) l\/ § 1

R(5)

R(3)
R(2)
R(1)

R(0)

4%_1\(, —
i S| l d [ l d L

1. L l A l ] l il

—600 —400 -200 0
Relative Frequency (MHz)

Figure 6.1: The Stark split spectra of the R(0-7) ro-
vibrational transitions of the v; + 313 band at an electric
field of 171.0 kV/cm. Each spectrum was adjusted so the
zero electric field transition would appear at zero frequency.
All spectra follow AM = £l selection rules except for
R(0), in which case the AM = 0 transition was also mea-
sured. The intensities were normalised to the largest peak
in each spectrum for comparison purposes.
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Figure 6.2: The R(2) (A) and the R(3) (B) Stark split
spectra are depicted here. Spectrum A was fit to Equa-
tion 5.2 and the transitions were identified as M = 3
2 =0O,M=2¢«1 =A,M=10 =9, and
M =0+ —1and M = —1 « -2 are o. At these fields
the R(3) spectrum (B) could not be fit to the second order
Stark equation and the transitions were not readily identi-
fied.
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Table 6.1: Polarisability data determined by fitting the
spectra to the second order Stark equation (Equation 5.2).
The results for J = 8 have no units of error associated
with them, but the values for the difference in polarisabil-

ities and the anisotropy were obtained from an averaged
spectrum (N/A = Not Available).

1J](an —a0) A3 Aa, A3
[o[ o4 o007 [N/A
1 1.00 +0.09 |4.63 +0.06
1.177 +0.008 ] 5.065 +0.029
1.27 +0.06 16.283 +0.024
1.9 +0.1 11.0 0.5
N/A N/A
-1.99 +0.06 |-7.08 +£0.14
-0.49 +0.05 {-1.76 £0.11
-0.320 N/A -1.05 N/A

0O O Ovih i

6.3.1 The R(3) Ro-vibrational Transition

The spectrum of R(3) (11609.014 cm™!) was among the first examined and it was
noticed that as the field was increased, a new peak, not belonging to the expected
pattern, emerged at a lower frequency relative to the zero electric field position of
the R(3) transition (Figures 6.3 to 6.7). This new, rogue, peak rapidly moved closer
to the field free position as the field was increased, while at the same time a normal
peak within the R(3) Stark split manifold moved to higher frequency. As the rogue
peak came closer it gained intensity and it slowed its tuning rate, while at the same
time the normal peak lost intensity and increased its tuning rate. Hence, the normal
peak accumulated enough rogue character to now be called rogue and vice versa. The

signals for the rogue and normal peaks were as needed amplified by increasing the
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sensitivity of the lock-in amplifier. This can be seen by a sudden increase in baseline
noise or by a small spike in the spectrum. Upon increasing the electric field further,
a second rogue peak emerged and another normal peak disappeared to the blue side
of the spectrum. Table 6.2 lists the positions of the “paired” normal and rogue peaks

and a visual illustration of these data is given in Figure 6.8 on page 108.

In order to identify the peaks in the normal part of the R(3) Stark field perturbed
spectrum, the relative intensities of the individual peaks was compared. According
to [30]

Ipresn = (' + M — 1)(J' + M')(AJ = £1) (6.1)

the intensity ratios for the peaks should be 28:21:15:10:6:3:1 for the seven (2J+1)
peaks of the AM= 1 Stark field perturbed spectrum. However, not all the peaks
were resolved, therefore the identities were confirmed by comparison with a calculated
spectrum. At lower fields, where there was no perturbation due to the presence of
rogue peaks, the experimental spectrum compared well with the calculated one and
the transitions were easily labelled. Hence, the two most intense peaks (calculated
intensity ratio 28:21 = 1.33, measured intensity ratio = 1.34) represent the M = 4 « 3
and M = 3 + 2 transitions, respectively. The correlation seen in Figure 6.8 suggests
that both the rogue and normal peaks belong to the same M type of transition and,

therefore, the rogue peak has been given the same M transition label.
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Figure 6.3: Electric Field dependence of the Stark split
spectrum of 13 + 3v3 R(3). The zero in the spectra is the
field free position of R(3). At 107.9 kV/cm a new, rogue,
peak emerged. In order to make this peak more visible,
the intensity in that portion of the spectrum was amplified
by a factor of two to five, depending on the existing signal-
to-noise ratio. Only 25 of the 60 spectra measured are
depicted in this series ending with Figure 6.7.
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Figure 6.4: Electric Field dependence of Stark split spec-
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normal peaks appear to be equal in intensity.
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Figure 6.5: Electric Field dependence of Stark split spec-
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free position of R(3). The second rogue peak first appears
at 150.2 kV/cm.
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Figure 6.6: Electric Field dependence of Stark split spec-
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Figure 6.8: Electric Field dependence of the normal and
rogue peaks in the v, + 313 R(3) Stark field perturbed spec-
trum. Zero frequency is the field free position of R(3). The
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here are listed in Table 6.2.
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Table 6.2: Field Dependent rogue and normal Line Positions for R(3)

109

Electric | M =43 |M=3¢&2| Electric M =43 M=3¢«2
Field [(normal| rogue| normal Field rogue normal| rogue
(kV/em)| (MHz) | (MHz)| (MHz) (kV/ecm)| (MHz) (MHz) | (MHz)
107.9 11.8 (-1104.7 -13.3 150.2 -15.0 -3.5| -670.9
110.9 16.3 -13.8 150.9 -16.6 -1.1
113.9 23.1| -661.6 -16.0 151.5 -15.0 2.0
115.1 30.9| -590.4 -16.0 152.7 -15.1 5.3| -503.5
115.7 31.3| -445.2 -15.5 153.9 -15.1 10.3 | -439.3
117.5 4791 -369.6 -18.7 154.2 -17.4 17.4
118.1 48.5| -342.6 -15.5 155.1 -15.0 23.3| -383.9
118.7 60.9 | -278.7 -16.3 155.9 -16.0 24.4
119.3 73.7| -237.8 -15.0 156.3 -14.8 40.0 | -300.0
119.9 114.6 | -155.2 -14.5 157.1 -16.1 57.8
121.1 124.8 | -147.5 -16.6 157.6 -15.0 55.8 | -243.2
122.3 182.4| -105.1 -16.3 158.3 -16.4 90.5 | -198.6
123.5 263.5| -76.3 -16.0 158.8 -15.0 91.3 | -199.7
124.7 350.0| -58.9 -16.0 159.6 -16.2 135.0 | -151.5
125.9 461.9| -46.7 -16.0 160.0 -15.0 127.6 | -152.3
127.1 583.5| -39.6 -16.0 161.2 -15.4 187.8 | -118.4
128.3 638.3| -33.6 -16.0 162.5 -15.0 242.4 | -107.0
129.5 758.5( -31.7 -16.0 163.7 -15.0 309.4| -92.9
130.7 -27.9 -16.0 164.9 -15.0 378.3| -87.0
| 131.9 -26.0 -16.0 166.1 -15.0 480.1| -80.0
133.1 -23.3 -16.0 167.3 -15.0 533.5| -76.5
134.3 -17.5 -16.0 169.8 -15.0 -72.0
135.5 -15.7 -15.7 172.2 -15.0 -65.6
136.7 -16.6 -16.6 174.7 -15.0 -65.6
140.3 -16.4 -16.4 177.1 -15.0 -65.6
143.9 -16.0 -16.0 182.0 -15.0 -65.6
148.1 -16.4 -9.9
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6.3.2 The R(4) Ro-vibrational Transition

The Stark field perturbed spectra of R(4) (11611.138 cm™') were perhaps the most
interesting. In the absence of an electric field there were two peaks in the spectrum
(top of Figure 6.9). The more intense of the two peaks was the field free v, + 315 R(4)
transition at 11611.138 cm™!; the +0.01 cm™! accuracy of the wavemeter was sufficient
to ascertain this. The second, rogue, peak was found -469 MHz (-0.0156 cm™!) relative
to the normal peak and was 2.89 times less intense. As the Stark field was increased,
the rogue peak split much more rapidly than the normal peak and when the maximum
attainable field was reached, only three of the rogue peaks were still observable (See
Figures 6.9 to 6.11). The field dependent positions of each peak are listed in Tables 6.3
and 6.4. The peak numbers in the columns bear no relation to one another and are

provided for reference purposes only.

Figure 6.12 illustrates the considerable difference in tuning rates of the normal
and rogue peaks. In comparison to the other Stark split ro-vibrational transitions of
vy + 3v3, the normal R(4) peaks have anomalously large tuning rates; yet the tuning
rates of the rogue peaks are larger still. Another interesting point that can be seen in
Figure 6.12 is the fact that some of the peaks within the normal Stark split manifold
cross as the Stark field is increased. Specifically, the peaks marked with the 0 and @
cross at approximately 85 kV/cm and the % peak crosses both the A (80 kV/cm) and
the © (115 kV/cm) peaks. This type of behaviour cannot be reproduced with the

second order Stark effect. Neither the rogue nor the normal Stark split R(4) spectrum
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could be fit to the second order Stark equation (Equation 5.2) at any of the applied

electric fields.

The spectrum of each type of transition (rogue and normal) split into a total of
six peaks each, even though each has nine (2J + 1) allowed transitions. A computed
Stark split spectrum for a typical R(4) transition reveals that the three weakest of the
Stark transitions are overlapped with three other, more intense, peaks (Figure 6.13).
Due to the finite line width of the molecular beam laser system (5-6 MHz), only six

peaks are observed.

6.3.3 The R(5) Ro-vibrational Transition

The R(5) (11613.223 cm™!) series of spectra (Figures 6.14 to 6.17) showed results
similar to those of the R(3) series. However, for R(5), there were four rogue peaks
that emerged on the blue side of the spectrum and, accordingly, four normal peaks
shifted out to the red side of the spectrum. Figure 6.18 depicts the positions of
the normal and rogue peaks as a function of the square of the electric field, and,
once again, the correlation between them. In the case of R(5) the rapidly tuning
peaks seem to belong to lower intensity components of the Stark split manifold,
rather than the higher intensity ones as was the case for R(3). Just as with R(3), a
calculated spectrum was used to identify the M transitions at fields low enough to
avoid the complication introduced by the rogue peaks. The spectrum at 183.2 kV/cm

(page 123) shows the third most intense peak retreating from another incoming rogue
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Figure 6.9: Electric Field dependence of Stark split spec-
trum of v, + 33 R(4). The zero in the spectra is the field
free position of R(4). 15 out the the 30 spectra collected
are shown here and in Figures 6.10 and 6.11.
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field free position of R(4).

113



CHAPTER 6. ACETYLENE v, + 3v;

Intensity (arbitrary units)

| l L L

—— 17—
122.1 kV/cm
Ar —— {4___

r- -
-~ 134.4 kV/cm b
i —A— 'W‘—‘H}— 4
I ]
- 146.6 kV/cm .
[ 164.9 kV/ )
[ 177.1 ¥V/cm 1
Sl C SR
ol | 3 3 1 1 | 1 3 g 1 | 3 ]
—1000 -500 0

Relative Frequency (MHz)

Figure 6.11: Electric Field dependence of Stark split
spectrum of v; + 3v53 R(4). The zero in the spectra is the
field free position of R(4).
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Figure 6.12: All of the R(4) data from Tables 6.3 and 6.4
is depicted here. The upper set of six lines is the data from
the normal transitions and the lower set comes from the
rogue transitions. The solid lines are are provided only as
a visual aid. Note how rapidly the lower set of lines tune
relative to the upper set.
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Table 6.3: Field Dependent normal Line Positions for R(4)

Electric | Peak| Peak| Peak| Peak| Peak| Peak

Field o] A < * ) *
(kV/cm) [ (MHz) | (MHz) | (MHz) | (MHz) | (MHZz) | (MHz) ||
0.0 0.0 0.0 0.0 0.0 0.0 0.0
6.1 -0.4 -0.4 -0.4 -0.4 -04 -04
12.2 -2.8 -2.8 -2.8 -2.8 -2.8 -2.8
18.3 -5.9 -5.9 -5.9 -5.9 -5.9 -5.9

24.4 -42.4| -42.4( -33.5( -28.9} -25.8( -12.0
30.5 -42.5| -425| -35.3| -26.6| -20.8| -13.0
36.6 -44.5| -44.5| -44.5| -28.8| -19.1| -134
42.8 -67.9| -679| -67.9| -55.7| -43.6| -33.8
48.9 -713.7| -13.7y -73.7} -73.7| -52.5{ -36.2
55.0 -90.4| -90.4| -90.4| -90.4| -74.2| -54.5
61.1 -98.7| -115.2 -115.2| -98.7| -66.9| -56.9
67.2 -104.5| -129.1 | -129.1 | -104.5| -80.2| -65.7
73.3 -111.5| -146.1 | -153.9{ -134.3| -92.0| -75.0
79.4 -116.1 | -158.7| -179.2 | -158.7| -106.0 | -81.1
85.5 -111.4| -168.5] -194.0 | -168.5| -111.4| -79.3
91.6 -123.6 | -190.4| -226.0 | -207.1 | -130.0 | -92.3
97.7 -125.9| -206.8 | -255.0 | -236.8 | -144.8 | -93.2
103.8 | -127.7| -220.1} -276.1 | -266.1 | -154.1 | -93.4
109.9 | -127.0( -229.1| -295.4| -295.4| -161.1 | -85.1
116.0 | -132.0| -250.2| -327.9| -327.9| -169.8 | -82.1
122.1 | -132.3 -267.4) -359.9| -359.9| -178.0| -75.5
128.2 | -134.5| -279.7 | -380.8 | -395.7 | -184.8 | -64.2
134.4 | -134.8| -300.3 | -413.7 | -438.5| -194.6 | -50.8
140.5 | -133.1| -309.8| -434.8| -471.1| -189.9| -34.9
146.6 | -137.2} -331.7| -470.8 | -516.8 | -199.8 | -20.1
152.7 | -136.5| -346.5| -496.7 | -553.3 | -200.4 -6.1
158.8 | -140.5| -364.7 | -525.6 | -595.1| -201.8 14.1
164.9 | -134.2| -380.0| -553.9 | -636.5 | -198.9 37.0
171.0 | -140.2 -402.8 | -592.6 | -684.8 | -203.3| 55.1
177.1 | -144.9| -428.8 | -632.1 | -736.4 | -205.4
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Table 6.4: Field Dependent rogue Line Positions for R(4)

Electric | Peak{ Peak| Peak| Peak| Peak| Peak
Field °® * * <o A o
(kV/cm) | (MHz) | (MHz) | (MHz) | (MHz)| (MHz)| (MHz)
0.0 -469.4 | -469.4| -469.4( -469.4| -469.4| -469.4
6.1 -466.1 | -466.1 | -466.1 | -466.1 | -466.1 | -466.1
12.2 -465.7 | -465.7 | -465.7| -465.7| -483.7| -483.7
18.3 -462.2 | -462.2 | -462.2 -475.2| -490.4| -508.7
24.4 -461.7] -461.7| -470.9| -487.0| -511.7| -549.1
30.5 -465.5 | -465.5| -481.3{ -511.6| -554.7| -614.4
36.6 -451.9 | -448.3 | -474.3| -513.5| -577.4| -668.1
42.8 -468.9 | -460.1{ -502.2| -358.1| -653.2| -786.3
48.9 -465.2 | -453.4| -506.9| -583.9| -707.8| -895.7
55.0 -477.6 | -464.0| -526.5| -629.1| -797.9 |-1048.9
61.1 -480.6 | -465.8 | -542.9| -672.3| -893.2|-1216.4
67.2 -481.9 | -461.1 | -550.8| -710.6| -983.8

73.3 -490.2 | -470.6 | -578.2 -777.2)-1126.7

79.4 -499.6 | -474.8 | -597.0| -840.4|-1262.1

85.5 -491.81 -469.0 | -603.8| -894.3

91.6 -519.3 | -496.0 | -648.9| -999.5

97.7 -531.5 -511.3 | -676.3 {-1089.4

103.8 | -546.5} -523.0 | -700.2|-1178.8

109.9 -948.4 | -534.5 | -716.7

116.0 | -575.6 | -559.7 | -759.3

122.1 -600.1 | -585.5| -799.8

128.2 -612.0 -621.9| -823.3

134.4 -648.9| -648.9| -887.5

140.5 | -674.8} -674.8| -921.8

146.6 | -709.6 | -709.6 | -977.0

152.7 -741.8 | -741.8 |-1024.4

158.8 -771.1| -771.1 |-1073.9

164.9 | -809.0 -809.0 j-1141.1

171.0 -852.4 | -864.0 |-1210.4

177.1 -900.7 | -916.3 | -1291.0
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Figure 6.13: The top of the diagram depicts the first
derivative of the computed Stark split spectrum of an R(4)
type of transition at 177.1 kV/cm with a line width of
6 MHz. Beneath it is a “stick” spectrum showing the pre-
cise positions of the nine peaks. The M transitions, along
with their calculated intensities (in parentheses), are as
follows :

a M=5<4 (45) f M=0-1 (10)
b M=4+3 (36) g M=—1«-2 (6)
c M=3«2 (28) h M=-2-3 (3)
d M=2¢1(21) i M=-3«-4 (1)

e M=10 (15)
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peak approximately 500 MHz to the blue of the R(5) field free position. Since the
three most intense peaks were well resolved at lower fields, it was possible to assign
the M = 4 « 3 to this third most intense transition. Hence, in order of decreasing
intensity, the four rapidly tuning transitions can be assigned to the M = 3 2,

2 ¢ 1,1« 0 and 0 « —1 transitions.

6.4 Discussion

According to the infrared selection rules, transitions originating in the ground vibra-
tional state of acetylene (X}) must terminate in a vibrational state of ungerade sym-
metry [3]. The second, rogue peak seen in the spectrum of R(4) at zero electric field
must therefore also belong to a vibrational state of ungerade symmetry. The coupling
described previously between the 04* and 04~ states of acetylene was of course be-
tween gerade and ungerade vibrational states. The 04t state provides a contribution
to the polarisability of the 04~ state according to the sum-over-states methodology
described in Chapter 1. Similarly, the 1]03* (]1120°0°%)) state will also provide a
contribution to the polarisability of the 1|03~ (]0130°0°%)) state. However, the rogue
vibrational state is not included in the sum-over-states for the polarisability of the
1|03~ state and anomalies seen in the Stark split spectra of R(3) and R(5) must be
due to coupling via Fermi, Darling-Dennison or Coriolis resonances. The question
arises: “Can the identity of the rogue state as well as the coupling mechanism(s) be

determined from the data at hand?”
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Figure 6.14: Electric Field dependence of Stark split
spectrum of v, + 3v53 R(5). The zero in the spectra is the
field free position of R(5). 16 of the 34 spectra collected
are depicted here and in Figures 6.15 to 6.17.
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Figure 6.18: Electric Field dependence of the normal and
rogue peaks in the v3+3v3 R(5) Stark field perturbed spec-
trum. Zero frequency is the field free position of R(5). The
data plotted here is listed in Table 6.5.
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Table 6.5: Field Dependent rogue and normal Line Positions for R(5)

Electric | M =0+ -1 [M= 0 —-1|] M=2¢1 M=32
Field |normal| rogue|normal| rogue|normal| rogue|normal| rogue

(kV/cm) | (MHz) | (MHz) | (MHz) | (MHz) | (MHz) | (MHz) | (MHz) | (MHz)
143.9 53.0| 238.7| 53.0] 263.9| 53.0| 3442 459 "

147.8 50.9| 165.9 50.9| 192.0 50.9 | 275.9 50.9| 423.2
149.0 40.8| 148.4 49.4{ 170.1 49.4| 252.0 49.4( 401.7

149.9 36.2| 1334 45.8| 154.7 233.0 45.9

150.2 36.2| 129.3 45.8( 150.5 45.8| 228.2 45.8| 380.9
151.1 123.7 143.7 221.8 47.7| 370.7 |
152.3 20.4| 113.6 35.1| 129.7 205.1 47.8| 356.3
153.5 -2.4| 101.7 204| 114.1 45.9( 181.1 45.9| 330.8
154.7 -13.71  94.7 8.2| 102.2 158.9 43.6| 306.1
155.9 -43.4| 944 -164; 944 36.3| 131.0 45.2

157.1 -57.6| 89.1( -28.71 89.1 125.0 43.1| 267.5 |
158.3 -80.1| 84.9| -51.1| 849 18.3| 110.4 43.0( 246.3
159.5 -101.0{ 834 -70.2| 83.4 7.2 98.7 41.6| 221.3
160.7 -131.0f 843 -98.4| 843 -6.0{ 94.9 40.8( 210.7
161.9 -152.4| 82.5( -119.8{ 82.5| -26.6 38.0| 185.5
163.1 -182.4| 83.8| -146.4| 83.8| -479| 83.8 35.0| 169.9
164.3 85.2 85.2 85.2 137.5
165.5 83.9 83.9 83.9 27.5] 126.1
166.7 84.8 84.8 84.8 19.2} 111.0
167.9 86.5 86.5 86.5 6.7| 101.5
169.1 87.1 87.1 87.1 -6.0| 87.1
170.3 88.8 88.8 88.8| -26.5| 88.8 |
171.5 85.0 85.0 85.0} -45.2( 85.0
172.7 93.4 93.4 85.0f -67.1| 85.0
173.9 92.9 92.9 84.4| -89.8] 84.4
183.2 100.4 100.4 81.9 81.9 “
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In what follows it will be assumed that the rogue peaks seen in the Stark split
spectra of R(3) and R(5) belong to the same vibrational band as the rogue peak in

the zero Stark field R(4) spectrum.

Figure 6.19 depicts a plot of the rogue and normal peak positions as a function
of the square of the electric field for the R(3) transition. What is seen could be
characterised as a typical example of the non-crossing rule that is often associated
with potential curves of electronic states [104]. The essence of this rule lies in the
non-crossing of two states of the same symmetry species. In this particular case,
the correlation between the rogue and normal peaks of R(3) before and after the
non-crossing region identifies the excited M rogue states. In the vicinity of the non-
crossing region the labels normal and rogue have little meaning. Figure 6.4 illustrates
this point well; the rogue and normal peaks at 119.9 kV/cm and 121.1 kV/cm are ap-
proximately equal in intensity, suggesting each peak is approximately 50% rogue and
50% normal. Plotting the ratio of the rogue to the normal peak areas as a function of
the difference between the peak positions is another indication of the rogue/normal
character mixing. Figure 6.20 shows how the rogue peak borrows intensity as it passes
through the normal R(3) region of the Stark split spectrum. At large frequency sepa-
rations the rogue peaks have very little intensity (if any at all) and as the rogue peaks
approach the minimum frequency separation (approximately 270 MHz) they reach a
maximum intensity of 50% of their corresponding normal peaks. These normal/ rogue

correlations form the basis for establishing the M identity of the rogue peaks.



CHAPTER 6. ACETYLENE v3 + 315 127

Field (kV/cm)

0 50 100 150
-T1 I L R L Lo l T Lo L3 I L] Ll Al i
~~ = -
o 500 | =
2 o -
~— 5 4
>~. - -
8 o -
s °F .
o
o' - .
o - i
et
3 - ]
-500 | :
O 5 .
>
= - 1
o - :
e
L i 4
/% —1000 |- .
~JJ 1 1 l L1 I 1 l Lol LLI 1 1 2 li S S | L | Ll ) S ] ]
00 05 10 15 20 25 3.0

Field® (kV/cm)? x10¢

Figure 6.19: Ilustrated is the R(3) data for both rogue-
normal pairs of transitions. The M = 4 « 3 data are
represented by the 0 and the M = 3 « 2 data are depicted
with ®. The solid lines are the result of a fit to Equation 6.2
for each pair with C fixed at 135 MHz.
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Figure 6.20: The ratio of the rogue to normal peak areas
for the first rogue/normal pair of peaks (M = 4 + 3 tran-
sition) is plotted against the difference in peak positions.
The circles depict the rogue peaks on the red side of the
R(3) zero field position and the stars represent the rogue
peaks on the high frequency side. The minimum difference
corresponds to an electric field of 121.1 kV/cm. This is a
typical example of intensity borrowing.
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A modification of the equation used earlier for the Stark effect for two nearby
states (Equation 5.5) that incorporates the field dependence of the rogue and normal

peaks can be used to describe the observations:

1
W - 2 2
Win = (L;Eﬁ) + [(M) + 02] (6.2)
Wy = Kf + tan
Wr = W;; + tRF2 .

The energies of the normal and rogue J states in the absence of coupling and the
Stark field are given by W3, and W}, respectively. Wy and Wr are the Stark field
perturbed energies of the M states with tuning rates ¢ty and tg (MHz/kV?). Cis a
coupling constant with the same units as W}, (MHz). In the case of R(3), W, and
W, represent the normal and rogue states, since the normal transitions are at higher

energy in the absence of the Stark field.

The Stark field tuning rates for the normal peaks can be calculated from Equa-
tion 5.2 and the polarisability data given in Table 6.1. The tuning rate for M =4 « 3
is 4.293 x 10~* MHz/kV? and for M = 3 « 2 it is —0.001048 x 10~3 MHz/kV?. Plot-
ting the difference of the line positions of the normal-rogue peak pairs provides a

simple means of establishing the value of the coupling constant, C (Figure 6.21).
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Taking the difference between W, and W; (Equation 6.2) produces

_ 2 e
Wi~ Wi= AW =2 [(&51"5) + c’] . (63)

The value of F? at the minimum was found by taking the first derivative of AW
with respect to F?2 and setting it to zero. Some algebraic manipulation produces
F:. = (W3 — WX)/(t~y — tr), which can be substituted back into Equation 6.3

resulting in

C =12 AWnin - (6.4)

From the plot of the data in Figure 6.21, the best value of the coupling constant to

fit both curves is 135 MHz.

At low electric fields the Stark split R(3) spectrum was fit to the second order
Stark equation (Equation 5.2). This leads one to believe that at these fields, the
rogue-normal interaction is non-existent (or negligible) and, therefore, at zero elec-
tric field it is assumed that Wy = Wg = 0. Using a value of 135 MHz for the coupling
constant and calculated normal tuning rates, the data in Figure 6.19 can be fit to
Equation 6.2, producing an average W% of -5350+110 MHz. Also from the fit, the
tuning rates for the rogue M = 4 «+ 3 and M = 3 « 2 transitions were determined
to be 0.36344.0.0008 MHz/kV? and 0.2092+0.0004 MHz/kV?, respectively (errors are
given as 20). Since the tuning rates of specific rogue M transitions are known, the

second order Stark equation was used to calculate the polarisability and anisotropy
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of the polarisability. For J' = 4 of the rogue state, @ = —184 A3 and Aa = 1013 A°.
However, using these results to calculate the polarisability tensor components pro-
duces a large, negative value for a; (-522 A3). This seems to indicate that the second
order Stark equation (derived assuming a parallel vibrational transition) is not ap-
propriate for these particular ro-vibrational transitions. It should be noted that the
tuning rates for these rogue transitions scale as M2, which is what one would expect

for a perpendicular type vibrational transition .

The data for the R(5) rogue-normal interaction can be analysed in the same
fashion as the R(3) data. Figure 6.22 depicts the avoided crossing curves for the
various M transitions. In this case, the coupling constant and W3 were determined
from fits to four sets of data and could therefore be statistically averaged. The values
are C = 45.8+ 1.6 MHz and W} = 1600+ 40 MHz. Fitting the line positions of
the rogue and normal peaks using these values for the coupling constant and W3
gives tuning rates for the rogue M = 0 « —1, M =1 « 0, M =2 « 1 and
M = 3 « 2 transitions as -0.06668+0.00024 MHz/kV?, -0.06536+0.00026 MHz/kV?,
-0.06136+0.0003 MHz/kV? and -0.055044-0.00028 MHz/kV?, respectively. As was
done for R(3), the second order Stark equation can be used to calculate a and A«
from the four tuning rates. Any pair of M transitions could be used to solve the Stark
equation, therefore six sets of polarisability data were computed and averaged. As
a further validation of the rogue peak identities, the M transition assignments were

varied while calculating @ and Aa. Only when the above stated assignments were
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used, did the calculations produce consistent results. For J' = 6 of the rogue state,

a=61.71 +0.294% and Aa = 128.4 + 2.1A43.

Given the polarisability data for the rogue R(5) transition it would seem to be
possible to predict the appearance of the fifth peak seen at 183.2 kV/cm (Figure 6.17).
A second order Stark calculation places the fifth peak (M = 4 « 3) at the zero field
position of the normal R(5) transition for an applied electric field of 183.2 kV/cm.
However, the experiment shows it to be still 500 MHz to the blue. A possible expla-
nation for this discrepancy comes from Figure 6.22. The incoming rogue peaks slow
down as they approach the normal R(5) spectrum and acquire more normal charac-
ter. However, the tuning rates calculated for the rogue transitions are only valid when
the normal-rogue interaction is negligible. Since the rogue peaks acquire intensity by
borrowing it from the normal peaks, as soon as a rogue peak is visible in the spectrum

the normal-rogue interaction cannot be considered negligible.

The analysis of the R(4) data is not as “simple” as that of R(3) and R(5). A rogue
peak is present in the absence of the electric field (see top of Figure 6.9, page 112)
and, hence, it must be assumed that the two states are already strongly coupled.
Following the outline provided by Equation 5.3 for the mixing of two zero order wave

functions, the wave function coeflicients, a and b, are (page 38, reference [30])

« = ‘/5(~/<Wﬁr-wz‘%>=+4cz+(w,%—wg))"’
? VWR - WR)y + 4C7
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vz ( (W8 — WRY +4C7 — (W3 - Wﬁ))% (65)

2 VW%~ WRy? + 4C?
such that a+b=1.

Solving these equations together with the data from the zero electric field spectrum
(a?/b? = 2.89, ratio of the normal to rogue peak areas), gives a = 0.862 and b = 0.507,
a coupling constant of 205 MHz and a W§ — W} of 228 MHz (Wg # Wi at zero
electric field). Since at all of the applied Stark fields there are always rogue peaks
present, it is not possible to use the second order Stark equation to obtain reliable
polarisability data for the normal R(4) spectrum. However, upon examining the R(4)
spectra at high electric fields (Figure 6.11, page 114), one can see that the tuning
rates of the two most intense peaks (depicted by 0 and A in Figure 6.23) have slowed
considerably compared to the other peaks. Also, the intensity pattern among the
first three most intense normal peaks is very similar to that of the first three peaks
in the calculated spectrum (45:36:28, see top of Figure 6.13, page 118). This may
indicate that the rogue peaks with which they were coupled have shifted far enough
away in frequency that their influence on the normal peaks is negligible. The two
rogue peaks that disappeared from the spectrum at the lower electric fields are the
best candidates for this pairing. The three most intense normal peaks can then be

assigned tothe M =5« 4, M =4 + 3 and M = 3 « 2 transitions.

Assuming that the interaction between the normeal and rogue states for the two
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are provided only as a visual guide.
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most intense normal peaks is negligible at the higher applied fields (>171.0 kV/cm),
one can use the second order Stark equation (Equation 5.2) to calculate the positions
of these two peaks at 171.0 kV/cm. The spectrum at 177.1 kV/cm was not chosen
for this calculation, since the second most intense peak lost some intensity when the
BUC temporarily fell off resonance during the scan. The results of this partial “fit” to
the spectrum at 171.0 kV/cm are a = 23.53 A® and Aa = 71.3 A%. A comparison of
the calculated and measured spectrum at 171.0 kV/cm is illustrated in Figure 6.24.
Not only do the intensities of the first few peaks match the calculated spectrum
well, but the line positions for the first two peaks do also. It is interesting to note
that the two most intense rogue peaks (-852 MHz and -844 MHz) appear close to the
calculated position of the two weakest normal peaks (-873 MHz and -843 MHz). Their
intensities are greater than the calculated ones, because during the measurement, they
were magnified by a factor of two over the normal peaks by adjusting the gain on
the lock-in amplifier. The peak position agreement is even better for the Stark split
spectrum at 177.1 kV/cm. It is possible that these two rogue peaks are coupled
with the weakly visible normal peaks seen at -134 MHz and 37 MHz (Figure 6.11,
164.9 kV/cm). Both of these two weak normal peaks continually lost intensity as
the electric field was increased, while their (possible) rogue counterparts have not.
Hence, one conclusion that can be drawn is that the two low intensity peaks of the
R(4) normal spectrum are mostly rogue in character at high electric fields, while the

other two more intense rogue peaks are mostly normal in character.
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The intensity borrowing exhibited by the rogue peaks can also be demonstrated
with the state coupling model. In particular, the ratio of the rogue and normal
peak intensities plotted earlier for the R(3) M = 4 + 3 transition can be calculated
with this model. Using the equations for the wave function coefficients, a and b
(Equation 6.5) and the previously determined values for the various constants, the
intensity ratio a?/b? can be calculated as a function of electric field (F). This can
then be converted to a function of the difference in rogue and normal peak positions
by using Equation 6.3. Despite the difficulty in obtaining reliable peak intensities

(via peak areas), the data fits the model very well (Figure 6.25).

Earlier the assumption was made that the three rogue ro-vibrational transitions
observed belonged to same vibrational band. This was not an unreasonable assump-
tion. Had there been more than one rogue band involved, more rogue ro-vibrational
transitions should have been detected. The rotational constant of highly excited
vibrational states of acetylene in this region of the spectrum ranges from 1.153 cm™!
to about 1.164 cm™! [78]. Using these as the values as the upper and lower limits
of the rotational constants in this spectral region, it is not possible for two or more

rogue bands to be present without there being any observation of other ro-vibrational

transitions belonging to these bands.

Using the data from Table 6.6 together with the known positions of the normal
ro-vibrational transitions, one can calculate an approximate value of the rogue band’s

rotational constant, B = 1.165 cm™!. Since the rotational constant is proportional
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Figure 6.25: The ratio of the rogue to normal peak areas
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Table 6.6: Data extracted from the rogue transitions. } see page 132.

Jupper| (awJ) Aa,; |Coupling Constant | W3 — W%
(4%) (4% (MHz) (MHz)
4t -184 1013 135 -5350+ 110
5 Not Available 205 228
6 [61.71+0.29 128.4+2.1 45.8+1.6 1600+40

to the inverse of the moment of inertia for the molecule (B = k/[4mwcl]), it can be
concluded that the molecule is more compact in the rogue state than in the normal
state. Adding a significant number of quanta to the bending vibrations of acetyl-
ene could alter the geometry sufficiently to cause such a change in the rotational
constant. In fact, since the asymmetric stretch, v3 (3287 cm™!), is approximately 5
times higher in frequency than the average bending vibration (v4 = 612 cm™! and
vs = 729 cm™!) [3], substituting only two quant:. of asymmetric stretch vibration
would require about 10 quanta of bending vibration in return. This is the basis of
Kellman’s resonance pseudoquantum number n, (see Chapter 5 page 77 and also ref-
erences [82,83]). Not only would this distort the molecule, it would render the band
nearly undetectable by direct infrared transition, since the intensity of an overtone
band often drops by approximately an order of magnitude with each additional quan-
tum of vibrational excitation [92]. The fact that the rogue peaks lacked the intensity
to be easily observed at large frequency separations from the normal peak positions

seems to support this hypothesis.

Finally, the same analysis used to describe the ungerade-gerade state coupling
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of the 04~ and 04% states was applied to polarisability data of the 1|03~ state
in Table 6.1. The rotational constant for both states (1|03~ and 1/03*) was as-
sumed to be 1.15291 cm™! [78]. The results of fitting the polarisability data of
1|03~ to Equation 5.10 (page 88) are ayjo3- = 3.5+0.3 A3, Aayjs- = 5.6+1.8 A3,
p = 0.0551+0.018 Debye and © = -11.88+0.22 cm™ (See Figure 6.26). The errors
(given as 20) are about an order of magnitude larger than those produced by the
fit to the data from the v4 + 3v3 band, and the difference in band origins does not
compare well with the results from Child and Halonen (17.1 cm™!) [11]. The solid
line depicting the fit to the data in Figure 6.26 was not calculated between J = 0 and
J =1, since Equation 5.10 contains a singularity at J = 0.5. The fit to Equation 5.10
does correctly predict the value for J = 0 when calculated at that data point. The
data point for R(4) (J = 5) was not included in the fit, but superimposed afterwards
for comparison. Although the J = 5 data point is not the result of a fit of the entire
Stark field split spectrum (at 171.0 kV/cm), it compares well with the results of the
ungerade-gerade state coupling calculations. This may also be an indication that the
R(4) Stark field perturbed spectrum is slowly becoming more normal at the higher

electric fields.

A plot of the components of the 1{03~! polarisability tensor shows that, in contrast
to 04~, only the parallel component (stars) is significantly enhanced (Figure 6.27).
This is expected, since the transition dipole connecting 1{03~ and 1{03* is along the

molecular symmetry axis.
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Chapter 7

Summary and Conclusions

This thesis reports results on a variety of experiments, ranging from the design of
a new instrument, to the complex coupling of highly excited vibrational states of

acetylene. This chapter will attempt to summarise and reflect upon these results.

The work designing and evaluating the laser power build-up cavity was not in-
tended to be one of the main experiments, but it turned out to be far more time-
consuming than all of the other experiments combined. The initial goal was to design
a very high gain optical device using a pair of 99.998% reflectivity mirrors held apart
by two separate mirror mounts contained within a massive assembly. The heavy
assembly was designed to be free of external vibration, yet the resultant BUC was
plagued with instabilities. With the earlier design, it was impossible to obtain a BUC
spectrum showing mode structure as clear as that depicted in Figure 3.4 (page 46),

instead a “forest” of “fine structure” was seen. This “fine structure” turned out to
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be a myriad of higher order transverse modes: a direct result of the instability of the
BUC. Over time, it was learned it was far more important that the mirrors be held
vibration-free with respect to each other, rather than isolating them from the rest of

the molecular beam apparatus. Hence, the “sandwiched” arrangement was devised.

It is possible that the current BUC is near the performance limit for such a
device. The early design had, ideally, a potential gain of 50000 compared to the
mere 2000 of the present system; the latter produces a real gain of less than 1000. In
retrospect, the “heating” effect (Section 3.5.1, page 48) for the earlier high gain system
would have been phenomenal and it is unlikely the design would have ever succeeded.
Recent reports of “cavity ring-down” experiments have opened up new avenues for
these seemingly uncontrollable BUCs [105-107]. These experiments require unstable
BUCs with a very high mode density, similar to the early designs of the present
BUC. The BUC is then illuminated with a pulsed laser and the cavity fluorescence
is monitored after each laser pulse. The data collected at each laser frequency are
fit to an exponential decay and the spectrum is then re-created by computer. High
gain, unstable BUCs seem to yield the best results, but the resolution of such an
experiment is typically limited by the resolution of the pulsed laser (approximately

0.05 cm™! ~ 1500MHz) and cannot compare with that of the current system (5 MHz).

The experiment with hydrogen fluoride was the first completed and it had two
purposes. The first was to measure the electric dipole moment for comparison with the

theory derived from the lower vibrational state experimental data. This was then to
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be followed by measurements of the HF-Ar van der Waals dimer dipole moment, once
a suitable multipass device had been designed. Due to the time spent designing the
BUC, this second goal was made obsoiete by Klemperer and Chang [108]. However,
experimental determination of the dipole moments of still higher vibrational states
of hydrogen fluoride seems advisable. The v = 3 dipole moment measured here
(1.9614 Debye) seems to follow the model by Sileo and Cool (using the correct value
for u.) [64] and it would seem wise to test the theory further. The most obvious
experiment is to use a dye laser working on R6G to interrogate v = 4. If instead the
Ti:Sapphire laser were intra-cavity doubled, it would be possible to reach the v =7
energy level. The current BUC should provide satisfactory signal to noise for the
successful implementation of such an experiment and the results would be a far more

rigorous test of the current theoretical models.

The analysis of the Stark split vibrational overtone spectra of acetylene has proven
to be far more of a challenge than originally expected. The somewhat deceptive
simple geometry of the molecule did not appear to forecast the interesting results
reported in Chapters 5 and 6. Closer examination of the near infrared region of
the acetylene spectrum reveals a great number of vibrational states and interaction
among them would seem to be inevitable. Nonetheless, the coupling of ungerade
and gerade vibrational states would not have seemed predictable. The fact that the
interaction between the 04~ and 041 states was mediated by the Stark electric field

allowed for the unique opportunity to “turn off” the coupling by removing the Stark
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electric field. The 14 +3v5 band itself has been thoroughly analysed in the past [9, 86],
yet the band origin of its “twin” gerade (dark) band, 4v5, could only be determined
by calculation [11]. The application of the Stark field provided a means to indirectly

measure the origin of 414 band, placing it 4.133 cm™! below the 14 + 3v; band origin.

The coupling of ungerade states of acetylene has been the subject of much dis-
cussion in the literature [2,95,101,109]. The current measurements of the v, + 3vs
band have resulted in the observation of new transitions (rogue peaks), which will
hopefully aid future analysis of the state-to-state interactions of acetylene. Using the
results presented in this thesis for the [0130°0°) state and results of their own mea-
surements [95] Orr and Milce have carried out a series of calculations ¢ la Herman
et al. 2] that suggest the |0306°3') state is responsible for the rogue peaks [110].
They have amended the model to include the perturbations introduced by the Stark
field, such as the Stark field mediated mixing of the ungerade [0306°3') and the ger-
ade [0305-34*) states. They have concluded that the [0130°0%) and [0306°3') states
are strongly coupled via Coriolis resonances. The unusual “UV brightness” of the
J = 5 level of [0130°0°) that Orr and Milce noted during the course of their in-
vestigations [95] is likely due to Coriolis coupling with the J = 5 level of |0306°3!)
which contains significant excitation of the ¢rans-bending vibration; a requirement for
a strong UV transition to the trans-bent first electronic (A) state of acetylene. The
results of their calculations have been very promising and their model predicts the

behaviour of the R(3) and R(5) Stark split spectra quite well. However, it has still
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not provided a satisfactory picture of the normal-rogue interaction seen in the R(4)

Stark split spectra.

If the rogue vibrational state is indeed the [0306°3!) state (II, symmetry), then the
second order Stark equation used here to extract polarisability data from the rogue
transitions is not correct. This equation was derived for £-% (parallel) transitions
rather than £-II (perpendicular) transitions. Orr and Milce are making further mod-
ifications to the state coupling model to include a perpendicular type second order

Stark effect.

In light of the strongly perturbed Stark split spectra of the v, + 313 band it seems
advisable to re-examine the data for the v; 4+ 3v3 band. Specifically, the polarisability
data for the J = 5 level (Table 5.1, page 84) seems somewhat anomalous. The Stark
perturbed spectrum of the v; + 3v3 R(4) transition seemed to oppose the trend of a
decreasing Aa and split much more than expected. This similarity with the Stark
perturbed spectrum of the v, + 3v3 R(4) transition (sudden large splitting) would

seem to suggest a similar phenomenon was responsible, albeit to a lesser degree.

The highly vibrationally excited states of small molecules can offer a great deal
of information in the never ending quest to fully understand molecular dynamics.
Diatomics, with generally simple spectra, provide the first step in testing the limits
of our ability to predict molecular characteristics as a function of excitation. As
the number of atoms is increased to three or four, the complexity of the vibrational

overtone spectra increases dramatically, but the molecules are still small enough to
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be modelled theoretically. These molecules are the “stepping stones” to the much
larger, chemically interesting species that defy a detailed spectral analysis. However,
in order to achieve a better understanding of molecular overtones, high resolution and

high sensitivity instruments, such as the one described in this thesis, are required.

There is still much work to be done.
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