High Resolution Infrared Spectroscopy
of
Molecular Clusters

A thesis submitted to
The Australian National University
for the degree of Doctor of Philosophy

Glenn Walter Ross Bryant
July 1989



Statement

[ hereby declare that this thesis is my own work and that, to the best of my knowledge and
belief, it contains no material previously published or written by another person, nor material
which to any substantial extent has been accepted for the award of any other degree or
diploma of a university or other institute of higher learning, except where due acknowledge-

ment 1S made in the text of the thesis.

y

4

Vi (
i 4/] "‘/'7/{’//7"(/
L {,é’//"/t 4 r/‘ e
//
Glenn Walter Ross Bryant

2

7 t// ( 7/ ¥4 ,A



Acknowledgements

I would like to thank my supervisor, Prof. R.O. Watts, for his patience, tolerance and encour-
agement during my time with him.

[ am also indebted to Prof. R.W. Crompton for allowing me to study in his group at the
Research School of Physical Sciences, ANU, and for his constant interest and assistance with
my progress.

There are a number of other people at the Research School who I would like to thank for their

assistance and encouragement: Dr. T. Rhymes and all the other members of the Electronics
Unit, Mr. K. Jackman, Mr. K. Roberts and the technical staff, and Dr. S. Buckman.

Special thanks to Prof. B. Orr for his hospitality, support, and suggestions. Also to Prof. D.F.
Eggers for our many enlightening trans-Pacific discussions, and providing band-contour
analysis programs. The provision of high-resolution data on the acetylene bands by Dr. W.J.
Lafferty is also gratefully acknowledged.

Financial support from a Commonwealth Postgraduate Research Award is gratefully

acknowledged.
[ owe my family many thanks for their patience, understanding and support.

Finally to my wife Sue, and our son Nicholas, my deepest thanks for their constant encour-
agement and thoughtfulness, and their endurance over this rather protracted period of our

lives.



Abstract

The tuning of a single-mode F-centre laser has been placed under the control of a microcom-
puter, and this has been used to measure the infrared spectra of acetylene clusters in the
3250-3300 cm region with high resolution (0.0004 cm™). These clusters were formed in a

supersonic expansion, and their dissociation upon vibrational excitation was detected via the

optothermal method.

The rotational structure of two of the observed bands has been assigned and is found to arise
from the acetylene dimer, in a T-shaped configuration. Transitions within these bands show a
number of perturbations through Fermi or Coriolis interactions with unidentified states. In
addition, each transition has three components, which have been explained elsewhere (i.e. not

in this work) by an interconversion tunnelling motion in the dimer.

Another band was analysed and assigned to the acetylene trimer, with a planar, cyclic struc-
ture, while two more bands are identified as belonging to the acetylene tetramer with a simi-
lar cyclic structure, although it is non-planar. Finally, one band has been assigned to the

pentamer, again having a cyclic, non-planar configuration.

All of the structures are consistent with a weak hydrogen bonding interaction between acety-

lene molecules.
This work has been presented in part in the following publications :

G.W. Bryant, D.F. Eggers and R.O. Watts, High-resolution infrared spectroscopy of acety-
lene clusters J.Chem.Soc.Farad.Trans.2, 84 (1988) 1443.

G.W. Bryant, D.F. Eggers and R.O. Watts, High-resolution infrared spectrum of acetylene
tetramer, Chem.Phys Lett., 151 (1988) 309.
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Addendum

My apologies to Ludwig Boltzmann and Peter Vohralik for consistently misspelling their
surnames throughout this thesis.

pSS, 1st paragraph - “consequential” should be “consequently”

p62, 1st paragraph - “3265.0477 cm~1” should be “3266.0477 cm-1”

p84, 3rd paragraph - the units of the C-H bond length changes are A
p85, 2nd paragraph - “Reduction of” should be “Increasing”

A number of the Figures showing spectra are plotted without an x-axis label. This label
should be “Wavenumber /cm-1”.

On hydrogen-bonding in acetylene clusters:

Despite the large amount of theoretical and experimental work on molecular complexes,
the definition of what constitutes a hydrogen-bond remains rather ad hoc. A universal,
albeit broad, definition might be that hydrogen bonding is an attractive interaction involv-
ing a hydrogen atom in the vicinity of the intermolecular bond. Using this definition alone,
the structures of acetylene clusters presented in this work, which are supported by ab initio
calculations on the dimer and trimer performed elsewhere, can be considered hydrogen-
bonded: in each case a hydrogen atom of one molecule can be found near a line joining the

molecular centres. It therefore seems logical to look for other signatures of
hydrogen-bonding.

The observation of large shifts in the of the v, (A-H) stretching vibration to lower fre-

quencies, along with an increase in the intensity of this band, is indicative of systems under-
going hydrogen-bonding. The explanation of this behaviour involves electrostatic
interactions with the binding partner that reduce the A-H bond force constant and

increase the bond length. Often the magnitude of the shift can be correlated with the
strength of the interaction. This red shift is observed in the acetylene cluster spectra (and

in the spectrum of crystalline acetylene), adding support to the conclusions based on a
purely structural interpretation.

Whilst the increase in the red shift of v, (C-H) with increasing cluster size fits nicely with

the ab initio result that the binding energy per monomer increases from dimer to trimer,
there are other effects that may play a role in shifting this vibrational frequency. These
include possible coupling to the newly created intermolecular bond vibrations, as well as to
internal vibrations, such as the symmetric C-H stretch, in the lower symmetry environment
found in the cluster. Relating the increasing red shifts to reductions in C-H force constants
relies on a thorough to analysis of the vibrations of each cluster in order to account for
such couplings. The statements found in the Conclusion (p84) on the possibility of hydro-
gen-bonding in acetylene clusters are thus an oversimplification.
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Chapter 1: Introduction

The condensation of gases to form liquids and solids is perhaps the most obvious manifesta-
tion of the forces of attraction between molecules. Since the equation of state proposed by
van der Waals can be interpreted in terms of both repulsive and attractive intermolecular
interactions, the latter have become known as "van der Waals forces". The elucidation of the
nature of these forces and their implications on the bulk properties of matter has long been
one of the central themes of chemical physics, and to that end the study of van der Waals
(vdW) clusters - aggregates of atoms and molecules held together by weak interactions -
holds much promise. Indeed, as well as information on intermolecular potentials, one might
hope that by studying systems of increasing degrees of aggregation, the gap between molecu-
lar and solid state physics might be bridged, and an understanding of such things as solvation
and surface structure may be achieved on the molecular level. In addition, the weak nature of
the binding in these systems has important dynamic implications, since only moderate excita-
tion 1s sufficient to break the cluster apart. Thus vdW clusters have become an important tool
in the investigation of energy transfer and redistribution in unimolecular reactions.

Such is the interest in these systems that the literature on them is extensive, and has fortu-
nately been the subject of a number of excellent reviews. The article of Beswick and Jortner
(1981) contains a comprehensive bibliography of the earlier work on vdW molecules, while
that of Castleman and Keesee (1986) presents examples of the many directions cluster
research has taken.

[t has been the development of the supersonic free jet and complementary spectroscopic tech-
niques that created such intense activity in the field. Spectroscopy of simple systems (atom-
atom and atom-diatom complexes) has brought new information on the details of the relevant
interaction potentials (well depth and anisotropy for example), while for larger systems
equilibrium structures and binding energies have been determined, which can be compared
with the predictions of model intermolecular interactions (Buckingham 1986).

The spectroscopic study of vdW systems can also yield information on the time-dependent
behaviour of excited states (Beswick 1981). The vibrational energies of constituent mol-
ecules, and even the rotational energy of the complex as a whole, are sufficient to overcome
the binding energy of the cluster. The excited cluster can be viewed as being in a kind of
resonance state (see, for example, the articles in (Truhlar 1984)) and the study of the decay of
such states - the processes of rotational and vibrational predissociation - has become an area
of intense theoretical and experimental investigation, (Janda 1985, Celii 1986, Brumer 1985).

The quantities of interest are the energy of the state, it’s lifetime and the branching ratios to
possible decay channels.
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Theoretically the resonance states are associated with poles in the scattering matrix with total

energy
W =E - ih/4nt

where E is the energy of the state and 1 it’s lifetime. The latter determines the position of the
spectral feature, while the state lifetime is related to the energetic width of the state I" by

T = hi27l

which in turn manifests itself as an homogeneous broadening of the observed lines if 7 is
sufficiently small. Thus two of the characteristics of these states can be derived from spectro-
scopic measurements. The calculation of these quantities is amenable to techniques used in
scattering theory (Truhlar 1984), but at present the complexity of a fully quantum mechanical
treatment of the problem limits such work to atom-diatom complexes. For polyatomic sys-
tems recourse is made to approximate calculations, such as the "Energy Gap" model of
Ewing (Ewing 1982). Here the propensity for dissociation is related to the amount of energy
that must be transferred from the internal degrees of freedom to translational motion in the
vdW coordinate - the larger this amount of energy is for a particular decay channel, the
slower the decay rate.

Where the resonances are well separated, i.e. narrow and/or widely spaced, quantum numbers
may be assigned to the metastable state (in particular v and J), so that the standard methods of
spectroscopic analysis become applicable (Herzberg 1945). In other words, if the metastable
states are long lived relative to characteristic times of the complex (vibrational and rotational
periods, for instance), they may be treated as bound for the sake of analysing the spectral fea-
tures, and the latter are a source of structural information.

1.1 Spectroscopic Studies of van der Waals Molecules

The small inertial constants of van der Waals systems results in the congestion of spectral
features into relatively narrow regions. Consequently high-resolution spectroscopic tech-

niques must be used to examine the energy level structure of these species in detail, particu-
larly when one is interested in the widths of these levels.

The earliest studies of van der Waals molecules were performed in low pressure, low tem-
perature gas cells, using Long Path Length IR absorption spectroscopy. Such experiments are
generally complicated by interfering absorptions of monomeric species, collisional effects
and sequence congestion due to the low frequency vibrations of the vdW bonds (Sandorfy

1984, Legon 1986). Despite these difficulties the utility of this method for simple systems has
been demonstrated in a number of cases :




McKellar and co-workers (McKellar 1982), using a conventional grating spectrometer with
instrument resolution < 0.1 cm™, have examined the spectra of rare gas-hydrogen complexes,
which appear as fine-structure on top of the broad, collision-induced band of the H, funda-
mental. They were able to resolve line splitting caused by the anisotropy of the intermolecu-
lar potential, and these results have been used in conjunction with other experimental data to
determine an accurate, three-dimensional potential-energy surface (LeRoy 1987). The
availability of this surface has in turn lead to these systems becoming the testing ground for
methods of calculating the widths and energies of predissociating states (LeRoy 1982). How-
ever, only in the case of HD-Ar, and one transition of H,-Kr, has the lifetime broadening been
sufficient to be observable at the resolution of the experiments, to allow a direct comparison
of theory and experiment (Kidd 1986). More recent work on this system can be found in the
articles in (Weber 1987).

A difference-frequency laser has been used by Pine and co-workers to obtain the spectra of
(HF), and (DF), (Pine 1984), (HCl), (Ohashi 1984), Ar-HCI] (Howard 1985) and X-HF,
where X=Xe,Kr & Ar (Fraser 1986) with Doppler-limited resolution (about 100MHz). The
HF dimer was the first system to display mode-specific vibrational predissociation lifetimes :
no excess broadening was observable in "free" HF stretching region, while the "bound" HF
stretch has a lifetime component in it’s linewidth of some 300MHz (see Figure 1.1). This was
not observed in the HCI dimer. Halberstadt ez.al. (1985) have subsequently performed calcu-
lations on the linewidth and final rotational state distribution of the excited proton donor
monomer in (HF),, and obtained a value for the linewidth that is comparable to the
experiment. Pine and Howard (Pine 1986) have been able to obtain estimates of the well
depths and dissociation energies of the HF and HCI dimers from the line strengths in the
infrared bands. The spectra of X-HCI and X-HF provide information about the interaction
potentials - specifically the well depth, and to some extent the anisofropy.

Bevan ez.al. have used FTIR to examine HCN-HF (Wofford 1986a, Legon 1986) and
DCN-DF (Jackson 1987), and the HCN dimer (Wofford 1986b) with an instrument resolution
of about 150MHz. The HCN-HF complex is the most extensively studied H-bonded system
to date, and all the intramolecular vibrations have been examined at this resolution. A great
deal has thus been learned about the IR spectroscopy of this complex, which has also been
found to display predissociation lifetimes that depend on the vibrational mode excited. A
study of the v, (H-F stretch) band using a continuously tunable F-centre laser (Bender 1987)
displayed broad lines (FWHM = 3GHz), and the effects of Coriolis perturbations from nearby
(combination) vibrational states manifest themselves as changes in the positions, intensities,
linewidths and number of lines observed for a given rotational quantum number J.



In all of the above examples the determination of the excess broadening due to vibrational
predissociation required the deconvolution of instrumental, Doppler and pressure broadening
effects from the observed lineshapes. The advent of free jets and molecular beams provided a
new source of vdW molecules to which a wide range of spectroscopic techniques have been
applied. Beams offer a number of advantages over gas-cells :

- the concentration of clusters can be made relatively high;
- a wide range of cluster sizes and types can be produced;

- the cooling that occurs during the expansion substantially reduces the number
of populated states, which in turn reduces the spectral congestion;

- the use of well collimated beams offers a substantial reduction in the contribu-
tion of the Doppler effect to the spectral linewidth, which opens up the possibility
of high resolution spectroscopy using tunable, narrow-band sources.

One complicating factor is the distribution of cluster sizes that can be produced in an expan-
sion. Unless the spectral features of the different clusters are well separated, some sort of
mass discrimination must be employed to examine the spectrum of a cluster of a particular
size. Alternatively very dilute seeded beams may be used to ensure that only the lower order
clusters are present. The dependence of the spectra on source backing pressure and compo-
nent concentrations might also be used to assign features to a cluster of a particular size. The
low temperatures obtained in an expansion mean that only the deepest parts of the potential
minimum are probed in beam experiments. In addition, level populations can have non-Boltz-
man distributions which can complicate the analysis of spectral line intensities.

We can divide up the molecular beam spectroscopic techniques used to study these systems
according to the excited state energy levels they probe:

1.1.1 Rotational Spectroscopy

Rotational spectroscopy of clusters formed in a molecular beam generally involves the study
of bound-bound transitions in the ground vibrational state, so that predissociation is not
observed. The two principle techniques used to examine the radio-frequency and microwave
spectra of vdW and hydrogen-bonded complexes have been outlined several times (Dyke
1984, Legon 1986, Legon 1983, Klemperer 1974).

The use of Molecular Beam Electric Resonance (MBER) in cluster SPECroscopy was pio-
neered by Klemperer and co-workers, and first used to examine the spectrum of the HF dimer
(Dyke 1972); it offers some degree of cluster selectivity by using a mass spectrometer to
detect the molecular beam. Pulsed Molecular Beam Fourier Transform Microwave Spectro-
scopy was developed by Flygare (Balle 1981) and has been used by Legon and Millen to
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examine hydrogen-bonded heterodimers. The main results of these studies are the structural
parameters for dimeric systems, and the articles of Legon and Millen (1986) and Peterson
et.al. (1985) contain summaries of such parameters for many of the systems studied using
these techniques. These methods rely on the species under investigation having a dipole
moment, and since "homogeneous" clusters (i.e. only one type of molecule in the cluster )
larger than the dimer have generally been found to be non-polar, such systems have eluded
scrutiny with these powerful techniques. This is not the case for "heterogeneous"” clusters and
Gutowsky et.al. (1987) have begun to extend the size of such systems studied, examining the
Ar,-HF and Ar,-HF systems using the Flygare method. Since no mass selectivity is available
with this technique, spectral features belonging to each species had to be extracted from the
total beam spectrum.

1.1.2 Vibrational Spectroscopy

Ro-vibrational spectroscopy offers similar possibilities for structure determination as the
methods above, and is not restricted to polar species. In addition it provides a method of
investigating the process of predissociation.

Again there are a number of reviews of the study of the infrared spectra and vibrational pre-
dissociation of vdW molecules in the literature (Nesbitt 1988, Miller 1986, Celii 1986).
These provide good summaries of a great deal of the work in the field.

Direct Absorption: This is generally applied to a free jet rather than a collimated beam,
because of the latter’s longer optical path, and the higher density achievable in a pulsed
nozzle (for a given pumping speed) makes them the preferred choice. Howard er.al. (in
Weber 1987) have used a diode laser spectrometer to examine the spectra of X-OCS,
X=Ne,Kr,Ar with an instrument width of 120MHz. They were not able to perceive any
broadening due to lifetime effects at this resolution, but analysed the observed ro-vibrational
structure to confirm the structure derived from microwave studies.

Nesbitt er.al. have used a combination of a slit source, to increase the path length, and a dif-
ference frequency laser spectrometer to obtain high resolution spectra of N,-HF (Lovejoy
1986), Ar-HF (Lovejoy 1987a), and CO,-HF (Lovejoy 1987b). Only in the last case did they
observe broadening in excess of the apparatus resolution (25MHz). In addition, they have

been able to observe hot bands of the low-frequency intermolecular vibrations.

Barnes and Gough have reported using FTIR to examine (CO,), (1987) and (SFy), (1987)

clusters in a free jet at rather low resolution, with the aim of inferring structural details about
them from the observed spectra.




Laser-Induced Dissociation: Klemperer (1974) proposed that the vibrational predissociation
of (HF), might be observed as the depletion of the relevant ion peak when a molecular beam
detected by a mass spectrometer is crossed with an infrared laser of an appropriate wave-
length. This proposal has been put into practice with CO, lasers to study a number of sys-
tems, as summarized in the article by Gentry in (Truhlar 1984). In particular, ethylene
clusters have received a great deal of attention. One problem with using a mass spectrometer
to detect clusters is that these weakly bound species can fragment upon ionization, so that
larger clusters may contribute to the mass peaks of smaller ones. To overcome this, Huisken
and Pertsch (1987) applied the scattering technique developed by Buck and Meyer (1986a) to
observe the dissociation spectra of (C,H,),, n=2-35, free from the fragmentation problem. They
concluded that earlier work was complicated by this effect, but that the spectra were struc-
tureless and had the same width and peak position for each n. However, their earlier work
suggests that not all of the linewidth is due to lifetime effects.

In addition to the CO, laser work, Lisy and co-workers have used an OPO to examine a
number of systems in the 3pum region, including water clusters (Vernon 1982), the benzene
dimer and trimer (Vernon 1981), the HF trimer (Michael 1986) and complexes of HF and N,,
C,H, and C,H, (Kolenbrander 1986). Only in the mixed-cluster cases was the resolution
(0.06cm™) sufficient to observe rotational structure, although no detailed analysis was under-
taken. In the case of (HF),, while no sharp rotational structure was resolved, it’s geometry
was determined by isotopic substitution experiments, which indicate the trimer has a cyclic
form.

MBER: This method has been adapted to the study of vibrational spectra, by introducing IR
laser radiation between the two focussing fields. The method is sensitive to both absorption
(as in the microwave experiments) and dissociation. Thus DeL.eon and Muenter (1984) exam-
ined the free HF stretching region of (HF), using a color-center laser, with considerably
reduced Doppler broadening than the gas-cell experiments discussed earlier. Fraser et.al.
(1985) looked at the spectra of complexes of NH, with various partners, using both CO, laser
and microwave radiation, in some cases together to make IR-MW-double resonance measure-

ments. Marshall er.al. (1985) have used a far-infrared laser to examine the low-frequency van
der Waals modes of Ar-HCI.

The Optothermal Method: This technique is similar to the method above, where the mass
spectrometer is replaced by detector sensitive to the energy of the molecular beam (and is dis-
cussed in more detail in the next section ). It has the advantage that it can also detect absorp-
tion as well as dissociation, but a spectrum obtained by this method has contributions from
the whole cluster distribution in the beam.

The review of Miller (1986) lists much of the earlier work usin g this technique.
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Snels et.al. (1986) and Baldwin and Watts (1987) have observed sharp structure in the ethy-
lene cluster dissociation spectra by tuning their CO, laser frequency across the gain profile of
the lasing transition. The evidence suggests that this can be attributed to the ethylene dimer,
indicating that the excited state of this species has a lifetime no shorter than 10ns.

Miller and co-workers have demonstrated the power of this method when combined with a
tunable, high-resolution IR laser. Using a computer-controlled F-centre laser, with an instru-
mental linewidth of 15SMHz (SMHz with a single molecular beam-laser crossing) they have
examined infrared spectra of a large number of homogeneous and heterogeneous clusters,
particularly those containing hydrogen fluoride. This work has been summarized in the article
by Miller (1988). In cases where the species are polar, Stark spectroscopy has produced
values for the dipole moments in the vibrationally excited states. A similar apparatus has

been established by Pine ez.al. (Pine 1988a). Some of the work done by both groups will be
discussed in the chapters that follow.

CARS: The CARS method has been applied to examine the spectra of clusters in a free jet,
such as (CO,), (Pubanz 1985) and HCN complexes (Maroncelli 1985). In the case of the car-
bon dioxide dimer a staggered parallel structure was inferred from a comparison of IR and
the Raman spectra.

1.1.3 Electronic Spectroscopy

One of the first techniques used in this region of the spectrum was that of Laser Induced Flu-
orescence, pioneered by Levy and co-workers to study the He-NO, complex (Levy 1981).
The relatively simple spectroscopy of iodine has allowed a detailed study of the
predissociation of the electronically excited He-I, complex as a function of the vibrational
quantum number v in the I, sub-unit. Lifetimes were found to decrease quadratically with v,

and this behaviour has been the subject of a number of theoretical investigations (Janda
1985).

The other well-used technique is Multi-Photon Ionization, coupled with Time-of-Flight mass
spectrometry. Castleman and Keesee (1986) discuss the large number of experiments that
have been performed using this method to study the effects of complexation on spectral fea-
tures (specifically the shifts and widths of vibronic bands). Aromatic systems are most often

studied by these methods, usually in complexes with small molecules or rare gas atoms.

While for simple systems the spectral broadening observed can usually be associated with

predissociation, this distinction is not as clear in clusters of larger (polyatomic) molecules.




Apart from possible inhomogeneous effects such as unresolved rotational structure, other
sources of homogcneous broadening need to be identified and accounted for. A distinction
should be drawn between the dissociation lifetime and the lifetime of the state in general,
which may be limited by other effects such as vibrational dephasing when broadband excita-
tion is used (Brumer 1985). In this regard, time-resolved measurements of the dissociation
process have the potential to make such a distinction, and due to the availability of fast,
pulsed lasers in the visible region, most experiments of this type on van der Waals systems
have looked at vibronically excited states (Casassa 1988). Mitchell ez.al. (1985) have exam-
ined the dissociation of the ethylene dimer in real time using a pulsed CO, laser. They con-
cluded that the dimer fragments in a time less than 10ns, the upper limit of the instrument

resolution.

Although the widths and energies of the resonance states of van der Waals molecules have
been the subject of numerous investigations, the rather more difficult task of examining the
importance of possible decay channels has received less attention. Because the process of
vibrational predissociation of a vibronically excited cluster leaves the product molecule elec-
tronically excited, the emission of these products can be analysed to obtain final state dis-
tributions if their spectroscopy is well known. Thus Levy er.al. (1981) determined that the Av
= -1 channel is dominant in the decay of Hel,. King and co-workers, in their study of the
vibrational predissociation of the NO dimer (Casassa 1986), have examined both the
rotational-state distributions and the velocity distributions of the NO fragments, and this per-
haps represents the most detailed study of the vibrational predissociation process to date.

1.2 The Optothermal Method

Cavallini, Gallinaro and Scoles (1967) first reported the use of a conventional liquid helium
cooled semiconductor bolometer (of the type described by Low (1961)) as a molecular beam
detector and subsequently these devices have proved useful in crossed-beam differential
cross-section measurements (Danielson 1987, Boughton 1986, Boughton 1985). The semi-
conductor physics underlying the operation of these elements has been given by Zwerdling
et.al. (1968). In short, when a single crystal of p-type semiconductor, for example,
germanium doped with an acceptor impurity like gallium is cooled to liquid helium tempera-
tures, the only mechanism for low frequency (d.c.) conduction arises from the hopping of
holes from a filled to an empty acceptor site - so called "impurity hopping conduction”. This
hopping is thermally activated, or phonon assisted, and results in an electrical resistance that
is strongly temperature dependent:

R = Ryexp[e/kT)



where € represents an activation energy for the conduction mechanism. Such a strong depend-
ence makes these devices very sensitive to IR radiation, particularly when bonded to an
absorbing substrate. The bolometer resistance is usually measured in a bridge circuit and
phase sensitive detection employed. The figure of merit for a bolometer is the Noise Equival-
ent Power (NEP), which for typical, commercially available devices is of the order of 10™* W
Hz'”. In the case of molecular beam detection, atoms and molecules impinging on the cold
bolometer surface are adsorbed onto it, giving up practically all of their kinetic and internal
energy. The bolometer signal is given by :

Sp=n<v>[E; .+ E, + E,]

where n<v> is the flux of molecules, £, their kinetic energy, E,, their internal energy (rota-
tions and vibrations), and E, is the heat of adsorption of the molecule onto the cold surface.
Typical minimum detection capabilities are 10'2-10"* molecules m™?s™.

Gough, Miller and Scoles (1977), by realising that a change in the internal energy of the mol-
ecules in the beam would produce a change in the bolometer signal, devised what has become
an extremely sensitive spectroscopic technique. Ro-vibrationally excited molecules are
produced by crossing the molecular beam with an IR laser, and the extra energy is carried to
the bolometer in a time that is short compared to the fluorescence lifetime. This in turn pro-
duces a change in the bolometer resistance that is detected by chopping the laser and using
phase-sensitive detection. The method is thus somewhat akin to the photoacoustic method,
since the absorption of radiation is detected directly, which lowers the detection limit
imposed on normal absorption spectroscopy by laser intensity fluctuations (Demtroder 1982).

The resolution offered by laser-molecular beam techniques, combined with the high sensitiv-
ity of what has become known as the optothermal method, has led to it’s use in a wide range
of spectroscopic investigations. These include :

- Laser-Stark Spectroscopy of HF and HCN (Gough 1981b) and CO, (Gough
1983) .

- Studies of coherent transients - Ramsey fringes in SF (Bordé 1984).
- High vibrational overtone spectroscopy of H,O (Douketis 1985)
- Electronic spectroscopy of I, (Buck 1986)

In addition to semiconductor bolometers, a number of other thermally sensitive devices have
been used to perform optothermal spectroscopy. Bassi er.al. (1985) have reported using a
superconducting bolometer to examine the IR multiphoton excitation spectrum of CF,Br.
Such devices may prove to be useful with the advent of new high T, compounds, eliminating
the need for liquid helium. Pyro-electric detectors have been used both in beam (Miller 1982)
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and gas-cell experiments (Kornilov 1985, Hartung 1979) and a platinum filament has been
used to study the multiphoton absorption spectrum of NH,, C,H, and SF, in a gas cell (L1
1984).

The molecular beam optothermal method is also sensitive to processes whereby laser excita-
tion results in dissociation and a reduction of the flux of a particular species reaching the
bolometer. Thus Gough, Miller and Scoles (1978, 1981a), using this method, reported the
first studies of the vibrational predissociation of vdW clusters formed in a molecular beam.
Subsequently the technique has been used to study the dissociation spectra of a wide range of
clusters, as discussed in the previous section.

As an example of the use of this technique, Figure 1.1 shows scans through ro-vibrational
features in the "bound" and "free" HF stretching bands of the HF dimer, using an F-center
laser (the apparatus used to obtain these scans is discussed in the next chapter); a scan
through the P(1) monomer line is also given, plotted in the same sense as the dissociation
signal for comparison. The difference between the dissociation lifetimes in the two vibra-
tional states is obvious, and the comparison uncomplicated by the Doppler broadening seen
in the gas-cell work of Pine er.al. (Pine 1984). A careful study of the dependence of the
lifetime on the vibrational, rotational and tunnelling state of the dimer has been performed,
using the molecular beam optothermal technique (Pine 1988b).

1.3 Clusters of Acetylene

Miller ez.al. chose to investigate the C-H stretching vibrations of acetylene clusters formed in
a molecular beam, with the hope of resolving rotational structure in the infrared vibrational
predissociation spectra. In Figure 1.2 the dissociation spectrum they obtained using a rather
concentrated mixture of acetylene (11%) in helium has been reproduced (Fischer 1985).

In all the spectra presented in this work, the signal corresponding to a decrease in the bolo-
meter signal, caused by the dissociation of excited clusters in a time that is less than the flight
time from the interaction region to the detector (= 0.2ms), is plotted as positive as a function
of the laser frequency. The sharp negative features are ro-vibrational transitions in the bands
of the monomer found in this region. Because the laser was not running single-mode, and
was tuned in a discontinuous fashion, many of the monomer transitions are missed. The
broad cluster dissociation signals to the red of the monomer absorptions were less dependent
on the laser mode structure. As the size of the clusters formed in the beam is increased by
raising the source pressure, new features emerge close to the absorption frequencies of the
low-temperature phase of crystalline acetylene. The structure in the high-pressure spectra is
the result of the cluster size distribution, as well as the different environments in which an
absorbing species may find itself in a cluster of a given size (Miller 1984a).
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Figure 1.1: Ro-vibrational transitions in the "bound" and "free" HF stretch-
ing vibrations of (HF),, seen as dissociation signals using the optothermal
method. The bolometer signal decreases in these cases, and increases in the
case of the P(2) absorption of the HF monomer in the beam, which is shown
to indicate the instrumental resolution.
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Figure 1.2: Dissociation spectra of acetylene clusters using an 11% mixture
of acetylene in helium (Fischer 1985). The source pressures are A:480 B:685
C:800 D:915 E:1100 F:1240 G:1490 H:1680 and 1:1890 kPa. The arrows
mark gas phase and solid absorptions discussed the Appendix.




13

Even at the lowest source pressure there was no evidence of sharp features in these dissocia-
tion spectra. Upon diluting the mixture the spectrum changed considerably, as shown in Fig-
ure 1.3. At a concentration of 1% the spectrum has broken up into 6 distinct bands, and sharp
features are resolved, suggesting that the species responsible for these bands have lifetimes
that are long enough to give rise to distinct ro-vibrational features in the dissociation spec-

trum.

Short single-mode scans were performed in each band, labelled A-F by Miller, Vorhalik and
Watts (1984b). The scan range was limited to 3 GHz by the finite extension of the cavity mir-
ror, and these small segments are shown as inserts in Figure 1.3. The most obvious feature of
these scans is the variation in the widths of the lines in each band and it was assumed that
these were the result of different lifetimes for the species involved. Indeed, scans through iso-
lated lines in each band could be well represented by a Voigt profile, and the resulting widths
of the Lorentzian (lifetime) component are given in Table 1.1.

Deconvoluted
Band FWHM / MHz

100
33
16.5

<20
19.5

o R - ~ SN & S -

23.7

Table 1.1: Deconvoluted FWHM for individual ro-vibrational transitions
observed in each of the acetylene cluster bands (Miller 1984b)

Unfortunately no assignments could be made to each band, since the full ro-vibrational spec-
trum could not be obtained. Studies of the pressure dependence of the relative intensities in
each band (Fischer 1985) suggested that bands C-F arose from the acetylene dimer (or, at
least, from a species formed from just two atoms or molecules), band B from the trimer and
band A the tetramer or pentamer. While this provides some indication of possible assign-
ments an unequivocal determination of the species responsible for each band requires an
analysis of the full ro-vibrational spectrum. Only then can the questions about the origins of
the different linewidths start to be answered.
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Figure 1.3: Dissociation spectrum of acetylene clusters obtained from a 1%
mixture of acetylene in helium, at a source pressure of 1160kPa (Miller
1984b). A portion of each band, scanned single-mode, is shown as an insert,

on a frequency scale expanded by 155. An etalon (FSR=150MHz) and
monomer trace are shown as a calibration.
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In this thesis single-mode scans through each of bands A-F, obtained by placing the tuning of
the F-center laser under the control of a microcomputer are presented. Analysis of the rota-
tional structure in each case has allowed the identification of the species responsible for each
band, and the assignments of Fischer ez.al. are found to be essentially correct. A discussion of
the apparatus used to obtain these spectra is first provided, followed by considerations on the

dimer, trimer and tetramer/pentamer bands in turn.
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Chapter 2: Experimental Details

In this chapter the experimental apparatus used to obtain the spectra presented in this thesis is
described. It is divided into three broad sections : the laser system, the beam source and
finally the combination of the two, including a discussion of bolometric detection and line-
width considerations.

2.1 The F-Centré Laser

Colour- or F-centres are defects in insulating crystals that act as traps for electrons (or holes).
The study of the spectroscopic properties of these centres over the last few decades, particu-
larly those formed in alkali-halide crystals, has led to the creation of a class of solid-state
laser operating in the near infrared region (0.8 < A < 4 um), known as the F-centre laser.
Details of the physics behind these lasers, as well as their design, construction and applica-
tions have been given by Mollenauer (1985). The lasers are analogous to optically pumped
tunable dye lasers, in which the dye jet has been replaced by a thin, cryogenically cooled
(77K) slab of crystal containing the active centres.

The device used in these studies is a commercial laser - a Burleigh Instruments FCL-20,
based on the most stable of the various laser-active colour centres in the alkali halides (the
F,(II) and Fz(II) type centres in KCl and RbCl). It is a cw high resolution laser with a short
term linewidth < 2 MHz, and is tunable over the range 2.22 - 3.64 um using appropriate crys-
tal, pump wavelength and output coupling selections (German 1986). While a dye laser repre-
sents the most flexible choice of pump system, two of the crystals can be efficiently pumped
with the output of a Kr* ion laser.

In these experiments the RbCl:Na crystal was used, being pumped with 1.3W of red light
(615/647nm) from a Spectra Physics 171 Kr* laser in "light control" mode, which provided
some degree of amplitude stability. Typical output powers at 3.00 um were 10-20mW single
mode, using a grating with an output coupling of about 10% (i.e. Burleigh’s standard "B"
grating ). The crystal chamber was kept at less than 10°° Torr using an ion pump (Varian

Vaclon), and for the sake of cleanliness was roughed-out using a sorption pump (Varian Vac-
sorb).
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2.1.1 Single Mode Operation

The folded astigmatically compensated 3-mirror cavity design of the FCL-20, shown in Fig-
ure 2.1 is the same as that of cw dye lasers of the Kogelnik type, in which the third mirror is a
grating, which serves as both a tuning element and an output coupler (via the first and zeroth
order diffractions respectively). Just as in the dye laser, such a configuration produces sec-
ondary spatial hole-burning modes in the laser output (Demtroder 1982), necessitating addi-
tional selecting elements in the resonator for single mode operation. In the case of the
FCL-20 the primary spatial hole burning mode lies some 10 GHz from the resonator mode
and is eliminated by the insertion of an air-spaced, low-finesse etalon (strictly speaking, the
element is a Fabry-Perot interferometer), with a free spectral range (FSR) of 22 GHz. Jackson
et.al. (1981) found the addition of a solid etalon necessary for reliable single mode output,
but with careful alignment the one air spaced etalon is sufficient.

The laser frequency is determined by the optical path length between the end mirrors of the
cavity by

v =mc/(2nl)

where / is the mirror separation, n the refractive index of the medium between the mirrors and
m 1s the order of interference. The transmission maximum of the intra-cavity etalon is given

by a similar formula, while the first-order reflection maximum of the grating is given by
V = ¢/(2ndsinB)

where d is the spacing of the grating rulings and 6 the incident angle of the beam. Tuning the
laser frequency is thus accomplished either by changing / or 6, or by changing n.

Maintaining single mode operation while tuning the laser frequency requires the simulta-
neous alignment of the frequencies selected by the grating and etalon and that determined by
the resonator length, which is illustrated in Figure 2.2.

In the Burleigh laser the length of the resonator can be changed by applying a voltage to a
piezo-ceramic element (PZAT) on which the folding mirror is mounted. Similar stacks of
such elements adjust the separation of the etalon mirrors (as well as their alignment). The
angle of the grating is controlled with a "sine-bar" drive made up of a finely threaded screw,

which can be attached to a stepper motor. There are several modes of operation of the laser:

(a) The grating is held fixed and the voltage on the folding mirror PZAT is ramped from O to
the 1000 volt limit imposed by electrical breakdown of the ceramic. This causes the
piezo-elements to contract and so the laser scans to the red. The same ramp drives the etalon
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PZAT, but it’s amplitude adjusted to about 100 V, since the different mirror spacing in the
two elements and different PZAT responsivities (in um movement/kV) result in a
AV eiaion/ AV caviry OF about 10 or so for a given AV.

(b) The frequencies selected by the etalon and grating are adjusted, keeping the cavity length
fixed. This results in a discontinuous scan in which the laser frequency hops from one resona-
tor mode to the next (i.e. different values of m). The effective resolution become one cavity
FSR, or 300 MHz, which makes the method suitable for Doppler-limited spectroscopy, since
this is of the same order as the Doppler width at these frequencies. Indeed, this scanning
mode has been used for some time by Saykally and co-workers (1984) to examine the
infrared spectra of molecular ions, and by Kyr0 er.al. (1983) in their gas cell work on
hydrogen-bonded clusters. It is now the 1000 volt maximum on the etalon PZAT that limits
the scan range without reset to about 20GHz.

(¢) All three elements are tracked in frequency. Needless to say this is a rather complicated
task and requires some method of ensuring that resetting the voltage on the cavity PZAT (in
the first instance) returns the laser frequency to its original value. Using their earlier experi-
ences with dye lasers, Kaspar er.al. (1982) have described a method of computer-controlled
tuning of an FCL-20, giving a single-mode scan range of 10-100 cm™ with an accuracy of 10
MHz.

2.1.2 Controlled Frequency Tuning

One method, attractive for it’s simplicity and linearity, is the technique of pressure tuning
(Wallenstein 1974) in which the optical path length is altered by changing »n. Using nitrogen
as the gas (n=1.000278), a pressure change of 760 Torr results in a change in the laser fre-
quency of about 28GHz (0.9 cm™) at 3300 cm™'. Back-filling the tuning arm of the FCL
would result in the automatic synchronization of the tuning of the grating and intracavity
etalon, but because part of the resonator length must remain in vacuum, the laser would hop
between cavity modes. Thus for continuous single mode scanning this method would need to
be supplemented by electronically controlling the resonator length, perhaps with a reference
etalon linked to the same pressurizing circuit. Movement of the intracavity beam at the inter-
nal Brewster window, and probably of the optical elements themselves with changing pres-
sure, made the method difficult to implement without modifying the laser.

Another technique providing good linearity and long-range tuning is that used by Pine and
Coulombe (Coulombe 1979) to control a difference-frequency IR laser spectrometer, in
which the laser frequency is monitored with respect to that of a stabilized HeNe using a
scanning Fabry-Perot. The frequency stability of the HeNe is thus transferred to the IR laser
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output, and tuning is accomplished by altering the offset at which the IR frequency is stabi-
lised. Pine er.al. (Fraser 1987) have reported extending this control system to a Burleigh
FCL-20, used to obtain the high resolution IR spectra of the CO, trimer.

Nesbitt and co-workers have developed a method of tuning an FCL-20 without the need for a
control computer by introducing an angle-tuned Brewster plate into the tuning arm, in addi-
tion to the piezo-scanned etalon (Nelson 1988). Scans of up to 0.8 cm’' are made before the
grating is stepped and the next segment started. |

The method of Kaspar et.al. relies on the calibration of the response of each optical element
to changes in their position, which in turn are related to changes in the voltages on the
piezo-elements or to a number of steps of the grating stepper motor. The responses are stored
as a ‘look-up’ table in the control computer memory so that whenever the laser is required to
step in frequency the positions for each element are determined from the tables and they are
moved accordingly. Drifts in the position of the etalon, caused principally by ‘creep’ of the
piezo-crystals, created the need for a feedback loop to lock it’s transmission maximum to the
resonator mode. Miller ez.al. have used this method in their molecular beam optothermal
spectrometer (Huang 1986a).

The method adopted here, described in detail below, is similar to that of Kryo ez.al. (1986) - a
somewhat simplified version of the technique of Kaspar et.al., which was also used in a mol-
ecular beam optothermal spectrometer.

2.1.3 Optics

A layout of the optical components is given in Figure 2.1; all components were mounted on
the same vibration-isolated granite slab as the FCL and pump laser. About 1% of the laser
output is first split off by a pellicle beamsplitter (NPC ST-LQ-UNC) and focussed with a
CaF, lens (f=20mm) onto a photovoltaic detector (Judson J12A), whose output was used in
the cavity-etalon feedback loop. A further portion of the beam was split into a spectrum ana-
lyser (Burleigh FCL-975) with a FSR of 7.5GHz, scanned using a high-voltage ramp gener-
ator (Burleigh RC-45). The transmitted light was monitored with another photovoltaic

detector, whose output was directed to a low-noise amplifier and then to a CRO and a peak
detector circuit.

A mirrored chopper (Valtec) directed the output of the laser into two arms. In the first, some
of the chopped output was split off into a confocal etalon (Burleigh CFT-500P) with a FSR of
150 MHz; this device was temperature stabilized and hermetically sealed to minimize the
effects of ambient pressure fluctuations, although it was not evacuated. The remainder of the
output was directed through a 1m long gas cell filled with a few Torr (< 10) of water vapour,
and the transmitted light monitored with yet another photovoltaic detector. The light in the
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second arm was focussed by a CaF, lens (f=500mm) and directed into a multipass device pro-
ducing some 50 or so slightly non-orthogonal crossings of the molecular beam (Gough
1981¢).

A vacuum box was not used to contain the optics, and while this has generally been found
necessary to eliminate the effects of atmospheric water absorptions, these did not cause major

problems in the region of interest (3um).

2.1.4 Electronics

The electronic components of the system are shown in Figure 2.3.

The control and data acquisition system was based on the STD buss. A single board micro-
computer (Pulsar ‘Little Big Board’), with 64K RAM and two 1.2Mbyte disk-drives was used
to control the remaining devices on the buss. The output of the bolometer, the marker cavity
and the error signal from the feedback loop were acquired via a 12 bit (8 channel) analog-to-
digital converter (Robotrol RSD-7728) set for bipolar operation (-10 to +10V) since both the
error and bolometer signals can be negative. The transmission through the gas-cell could also
be recorded. The same card performed the digital-to-analog conversion to drive the high-vol-
tage amplifiers (Burleigh) connected to the piezo elements on the FCL folding mirror and

intracavity etalon. The stepper motor controller was driven by 2 lines of a 48 line parallel I/O
card (STD 2300).

A peak detector was used to determine the position of the transmission maximum of the
scanning FPI with respect to the start of the high voltage ramp. This is depicted in Figure 2.4.

The signal from the detector is amplified and filtered, and compared to an adjustable DC sig-
nal level, which results in a negative going TTL pulse at the peak position(s). This is used to
reset a flip-flop, which has been previously set by the positive going edge of the (inverted)
trigger pulse from the ramp generator. To avoid a ‘collision’ between the trace and retrace
peaks a time delay was introduced, preventing a reset before time t. The output of the flip-
flop is gate pulse that is fed into a counter-timer card on the STD buss (micro-sys SB8355) to
determine the duration of the active level. The length of the gate pulse is a measure of the
position of the first peak seen after T secs. from the start of the ramp. The ramp amplitude and
duration were selected to provide a suitable oscilloscope trace and the clock period chosen to
provide about a resolution of 7.5 MHz/count.
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Figure 2.3: The control and data acquisition electronics for the F-centre
laser. ADC: Analog-to-digital converter, DAC: Digital-to-analog converter,
PIO: Parallel I/O card, CTC: counter-timer card, LIA: Lock-in amplifier.
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Figure 2.4 A timing diagram for the peak detector circuit, showing the high
voltage ramp applied to the spectrum analyser, a and the output from it’s
detector circuit, b. Negative going TTL pulses are generated at the peak posi-
tions by the comparator, c. A gate pulse, e is opened a time 7T after the ramp
trigger d, and closed by the first peak seen by the comparator.
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The feedback loop between the resonator mode and the transmission maximum of the intra-
cavity etalon (Kaspar 1982) was established using a PAR 128A lock-in amplifier. The sinu-
soidal output of the internal reference oscillator (50mV p-p) was fed into the ‘DRIFT’ input
on the Burleigh ramp generator, producing a £ 2V modulation on the etalon piezo-element. A
modulation frequency of 800Hz was selected, and the LIA operated with a bandpass input
filter and a 300ms time constant (6dB/oct) on the output filter.

2.1.5 Set-up and Scanning

The following simplifications were made to the method of Kaspar ez.al. :

(i) No look-up table was used for the folding mirror piezo element, whose response was
found to be reasonably linear over small voltage changes, particularly at higher bias voltages.
A linear voltage ramp was used, with a bias voltage of approximately 500V, and an ampli-
tude of about 300V was sufficient to scan the laser two cavity FSRs, or 600 MHz. The gain
on the high-voltage amplifier was adjusted so that the ramp consisted of about 1000 steps of
the DAC, or a step size of 0.6 MHz. When the ramp voltage exceeded a set value, the scan
was stopped at the next frequency marker, the data collected written to disk, and the cavity
length (PZAT voltage) reset by an amount corresponding approximately to A. The laser was
then scanned up to the next marker peak, which should be the same peak at which the previ-
ous segment stopped, and data-acquisition re-commenced. This procedure ensured that each
segment could be accurately joined together.

Some degree of non-linearity was noticeable in the 600 MHz segments, and Figure 2.5 illus-
trates this, by showing a plot of the data points (one DAC step = one data point) at which a
frequency marker occurs for a typical scan. There is a small curvature noticeable in the plot,
but by linearly interpolating between successive frequency markers, the effects of this curva-

ture on the frequency assigned to a given data point become negligible.

(ii) The required scan rate, as determined by the detector/amplifier time constant, is relatively
slow, and so no "feed forward" was used to scan the intracavity etalon. Instead the position of
the etalon was determined solely by the integrated error signal from the feedback loop, and
adjusted in step sizes of approximately 10 MHz (this step size was limited by the resolution
of the DAC). The performance of this loop was found to depend rather critically on the align-
ment of the laser, the focussing of the beam onto the detector, atmospheric absorptions and
the position (in frequency) of the grating with respect to the etalon. Such factors could
ultimately result in a mode- hop during a scan.
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Possible mode-hops or the restarting of a scan at the wrong frequency marker could be
checked using the scanning FPI. In the former case deviations are noticed in the ratio of the
change in the length of the peak detector gate to the number of DAC steps taken over a given
segment. In the latter case the length of the gate at the end of the previous segment is not the
same as it’s length at the start of the new segment. The control program was not at the stage
of taking corrective action for such discontinuities, but their occurrence was logged and they
were taken into account when plotting the data. Thus small segments of the data could be
missed during a scan, though the position of this missing data was accurately known.

(iii) Once the etalon had scanned approximately one FSR, the voltage on its piezo element
was reset (corresponding to a change in mirror separation of approximately A/2). The piezo
stacks were found to continue to relax for some time after the voltage on them was reset. A
settling time of about 5 mins was used, during which the etalon bias was adjusted manually
and with the aid of the peak detector, so that the scan re-commenced at, or at least before, the

marker at which it stopped. A new datafile was created after each etalon reset to take the next
35-40 000 data points.

(iv) The grating was stepped after each 600 MHz segment was completed and before the new
one re-commenced. No serious attempt was made to use a look-up table for the grating, as the
number of steps required per etalon FSR (22 GHz) was found to be fairly constant (approxi-
mately 60 £ 2 steps). Eventually, after two or three FSRs, the reflection maximum of the grat-
ing was found to lag or lead the transmission profile of the internal etalon, resulting in poor
performance from the feedback loop. This may have been due to either a poor estimate of the
internal etalon FSR, or changes in the required number of steps of the grating with the con-
traction of the etalon PZT stacks (through misalignment, for example). This matter requires
further investigation.

The spectra presented here were not normalized to the incident laser power, although recorder
traces showed that the fluctuations in laser power were small. Nevertheless the intensity of
the spectral lines should be treated as qualitative. The absorptions of the gas cell were not
saved on disk, and calibration was achieved using a chart recorder trace. The accuracy of
transferring the position of a water peak to the marker trace was approximately +0.001 cm™.
Line positions were determined from the marker and bolometer files using a peak-locating
algorithm, or directly from plots of these files in the case of weak lines.

2.2 The Molecular Beam

The molecular beam chamber has been described elsewhere (Boughton 1982, Vorhalik

1986), but a brief description of the relevant features will be given for completeness - refer
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to Figure 2.6. A monel nozzle (diameter 40um) is mounted on an xyz-translation stage inside
the beam source chamber, which is kept at an operating pressure of 10°-10 Torr by an
unbaffled 53001s” oil diffusion pump (Varian VHS-10, using Santovac 5). The central core of
the expansion is sampled some 2-3 cm from the nozzle by a brass conical skimmer (26/30°)
with a 200um hole at it’s apex. The resulting molecular beam then enters the main chamber,
kept at less than 10 Torr by a 1600 Is™ oil diffusion pump (Varian VHS-6 with ‘Mexican
Hat’), where it passes through the multiple crossing device. Finally the beam impinges on a
liquid helium cooled bolometer (Infrared Laboratories Inc.), whose operating characteristics
are described in detail by Vorhalik (1986). The oil diffusion pumps are backed by a common
two-stage 501s rotary pump (Edwards E2M175).

The molecular beam source can be rotated inside the main chamber and directed into a com-
mercial quadrupole mass spectrometer (UTI 100c), although this was not used in the present
investigations.

Expansion conditions were identical to those used to obtain the spectra in Figure 1.3. A 1.1%
mixture of acetylene in helium (CIG) was expanded from a source pressure of 1170 kPa. In
some cases, spectra were collected using = 1% mixtures made by diluting more concentrated
mixtures based on partial pressures.

2.3 Linewidth Considerations

Given that the residual broadening of spectral lines due to lifetime effects is of some interest,
a consideration of factors limiting the resolution of the experiment is warranted. The prin-
ciple source of spectral broadening stems from the divergence of the molecular beam and the
non-orthogonality of the laser crossings. For the orthogonal laser-molecular beam geometry,
the residual Doppler broadening is given by

Av = (v /c)vsina

where o is the angle subtended by the bolometer (= 0.2°) and v, is the stream velocity (typi-
cally about 1700 ms™ for a dilute mixture in helium). At 3300 cm™ this width is 2 MHz, and
1s comparable to the free-running linewidth of the F-centre laser. When the laser-molecular
beam crossing is non-orthogonal, as in the multipass device, a component of the molecular
velocity in the direction of the radiation is introduced, and a shift in the transition frequency

1s seen, given by

V-V, = Vy(v/c)sin®

where 6 is the angular deviation from non-orthogonality. For 8 = 10°, as in the multipass
device, this shift amounts to about 100 MHz (0.003 cm™). This is of the same order as the

error with which absolute wavenumbers could be determined from water absorptions in the




29

cms

50

) 3 H— CRYOSTAT
WINDOWS
g N N
2]

A A W A Kgﬁgge He

o —

L

——

)
XZ"N |C _—/ L U
AT u /?: | L. .
F L=J%JBOLOMETER

1
et

— ‘ — - ‘ < ‘./ 1600 \-‘
THRUST ] ] 'i ot ]
BEARING / 5300 L g 1600 ‘ec

sec L
O-RING / ; | “e \ \ /
SEAL iDIFFUSION PUMP‘ .\ /
! /
AT

cms

MASS
SPECTROMETER |

i)

Figure 2.6: The molecular beam apparatus, showing the beam source
chamber PBC, the multipass device and the bolometer cryostat.

S0



30

gas cell (which are not be shifted), and was therefore not taken into account in doing so. Of
course this shift does not affect calibration from monomer transitions in the beam, assuming
the stream velocities of all species present are the same.

As well as the shift, the divergence and velocity distribution in the beam result in an
increased Doppler broadening over the orthogonal crossing case. This amounts to some
15-20 MHz (FWHM), depending on the alignment of the two mirrors and the value of 6. As
shown in Figure 2.7 the line shape is usually poorly represented by a single Gaussian, due to
effects such as non-parallelism of the mirrors; a better representation is obtained using a sum
of two (or more) Gaussian functions. The combined effects of shifts and broadening has
been used to determine velocity distributions of molecules in a beam (Demtroder 1982,
Boughton 1982).

In addition to Doppler broadening, the effects of transit time, and possibly power broadening
can occur, although these will be insignificant in comparison to the residual Doppler width
(contributions < 1 MHz). In higher resolution single-pass measurements on (HF), transitions,
saturation broadening has been found to be important in determining the linewidth (Pine
1988Db).

Finally, the choice of scan-rate and detector/amplifier bandpass can also affect the shape of
the line. In the case of collecting spectra with the optothermal method, a time constant of
300ms on the output filter of the lock in amplifier (12dB/oct) generally provides an adequate
S/N ratio. If we are to avoid distortion of the line shape by the amplifier bandpass, the scan
rate must be chosen so that

r, < 1.33F,W,,

where W,, is the half-width of the transition f,, = 1/87 and 7 is the amplifier time constant
(Blass 1981). For W,,, = 15 MHz, the scan rate must be less than about 8 MHz s'. The scan
rate chosen for these experiments was approximately 10 MHz s™', so that a 22 GHz scan took
around 40 mins. Thus to collect 2 cm™ worth of data took 2-3 hours.

To minimize possible fluctuations in cluster concentration over such periods of time, the
source pressure was monitored and adjusted periodically. A more serious problem arises from
potential changes in the bolometer sensitivity with a build-up of condensed matter on it’s sur-
face. After several days running at cryogenic temperatures, even with a dilute beam, the
sensitivity of the detector decreased (by a factor of 2-3); however, allowing the device to
warm to room temperature before cooling it again returned the detectors sen