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Laser induced fluorescence has been used to obtain spectra

of diatomic free radicals. The structure observed was
examined in greater detail by two high resoclution
techniques, microwave optical double resonance ‘and

intermodulated fluorescence.

The first molecule studied was CuF for which recording of
a previously unobserved sub-band has allouwed conclusive
identification of the upper state in the yellow system as
b3M. The hyperfine structure has been examined and the seven
constants determined are interpreted in terms of the
electronic configurations which could give rise to a 30
state. The lambda doubling and spin-rotation parameters are
compared with calculated values based on perturbations due
to the a3Zt state.

The ground state microwave spectrum of the CH radical has

been observed for the first time in the laboratory. These
measurements have been used to determine improved lambda
doubling and hyperfine constants, and make accurate

predictions for possible astrophysical observations. The A24
state has been examined in detail and effects due to the
very small lambda doubling in this state observed. A fourth
order perturbation treatment is used to obtain calculated
values for comparison. The three proton hyperfine parameters
for the 24 state have been determined and it is shown that
the wavefunction involues a significant hydrogen 1s
contribution.

Initial, but so far unsuccessful attempts to observe the
ground state microwave spectrum of SiH by MODR are also

described.



ACKNOWLEDGEMENTS

I would 1like to thank John Brown, my supervisor for
much help and guidance throughout my PhD. I would also 1iée
to express my gratitude to Tim Steimle who showed me how to
per-form the experiments described here and with whom most of
the results for CuF were obtained. I very much sappreciate
the efforts of Agnes Stewart who entered my thesis into the
computer, this thesis having been produced on a C-ITOH 8600
printer using a SIRIUS computer. Finally I would 1like to
thank my mother for her continued support throughout my

period of research.



CONTENTS

Page

Chapter 1 Introduction 1
Chapter 2 The Effective Hamiltonian 5
Chapter 3 High Resolution Spectroscopic Techniques 14
3.1 Intermodulated Fluorescence 14

3.2 Microwave Optical Double Resonance 17

Chapter 4 Least Squares Fitting 21
Chapter S The Yellow System of CufF 525
5.1 Introduction 25

5. Experimental Details 29

5.3 Observations 34

5.4 Fit of the Data 39

5.5 Interpretation a8

5.6 Conclusion 61

Chapter 6 The X211 and A24 states of CH 63
6.1 Introduction 63

6.2 Experimental Details 67

6.3 Calibration of the 75 MHz Etalon 74

6.4 The Microwave Spectrum of CH 75

6.5 Discussion 79

6.6 The A24 State of CH 86

6.7 Discussion 95

6.8 Conclusion 103

Chapter 7 The A24 - X2T1 System of SiH 104






interstellar sources, since its first observation, but much
interest remains in the extent of rotational excitation in
the different sources and one of the aims of this work wss
teo measure the ground state microuwave spectrum, as more
accurate knouwledae of the transition frequencies is like{y
to make observation much easier. Despite many searches
using microwave absorption and electron paramagnetic
resonance, this spectrum of CH has remained elusive to
laboratory observation. The technique of microwave optical
double resonance, which essentially i1rnvolues using fluores-
cence detection to monitor microuave transitions, 1is vastly
more sensitive however, particularly uvhen dealing with short
lived species, which are hard to obtain in . high
concentration. By this means we have made the first labora-
tory observation of the microwave spectrum of CH and
together with. other measurements this has led to the wvery
accurate evaluation of the transition frequencies which may
be observed astrophysically. It was very pleasing to learn
during the composition of this thesis of the observation of
CH 1in an excited rotational level, the search having been
made on the basis of our predictions, the measured frequen-—
cies agreeing with our calculations to better than 10kHz.

The SiH molecule is also of much astrophysical interest
and has not yet been seen in the interstellar medium. It
was hoped to perform similar experiments on this species to
those on CH but the very difficult region of the optical
transition made this impossible. Acquisition of an improved
laser system should make the relevent transitions accessible
and allow measurement of the so far unobserved ground state
microwave spectrum.

Many molecules uhich are stable solids on earth are
dispersed in the gas phase in interstellar sources. While
these molecules are not usually free radicals the high
temperatures required for their production, frequently
irnvoluing  the reaction of a metal uith an oxidising agent,
mean that the same techniques are required for their study.
Some of these species such as Si0 have been seen but others

for example Ba0 and Mg0 are thought to exist in quite high






information about both the electronic state, and the
possible configurations which could contribute to this.
Nuclear hyperfine splittings are usually quite small and
require high resolution techniques to observe them, although
in the case of CuF such structure was visible at Doppler-
limited resolution. MODR in the excited state which has a
resolution of typically 5 MHz is a very useful means of
observing such splittings although for most molecules only
the lowest levels may be investigated as the transition
frequencies rapidly move out of the microwave region.
Houwever other types of transition, such as lambda doubling
and spin-rotation, allow extension to higher energy levels
as well as to very light molecules like CH where even the
first rotational transition is in the far infrared.

Another method of probing hyperfine structure 1s the
use of intermodulated fluorescence to observe splittings
obscured by the Doppler profile. This technique does not
offer quite as high a resolution as MODR typically 30 MHz
but as only one radiation source is reqguired it is somewhat
easier. It is also possible to examine virtually all of the
levels of interest, providing the transitions involved are
of sufficient intensity.

The next three chapters of this thesis contain, respec-
tively, a description of the molecular Hamiltonian used to
interpret the results, an explanation of the high resolution
techniques used and a review of the fitting procedure used
to obtain effective constants. Chapter S contains a
description and interpretation of the measurements made on
CuF . The results obtained on CH together with their
analysis i1s given in Chapter é uhile the final chapter
contains a description of the attempt to perform similar

measurements on SiH.






Figure 1. Hund”s case ¢ which occurs when there is a
large spin-orbit interaction. The orbital L and
spin S angular momenta couple together to give
a resultant J, which precesses about the

internuclear axis.
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Figure 2.

Hund“s case a for intermediate spin-orbit
interaction with both L and S precessing
separately about the internuclear axis. CuF
obeys this type of coupling, the two nuclear
spins are added as shown by ag; coupling. As
the effect of the copper nucleus is greater,

this is chosen as Il‘
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Figure 3.

Hund’s case b where the spin-orbit interaction
is small, and the spin 8§ is no longer coupled
to the internuclear axis. This is the situation
which occurs for CH, the proton spin is then
coupled to J in a similar way to CuF, giving

the overall scheme bBJ;
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ths2 = azlzzlz+be2]2.5+1/3c2(3]12252~12.5)~1/2d(5+12+«+S5-12-)
1s the magnetic hyperfine term
for the fluorine nucleus 2.22
# = __egoll (31z-12)+__eg2Q (I%+I%) is the electric
“ a1(1-1> 8TI(21-1) quadrupcle interaction ~
for the copper nucleus 2.23

The rotational expressions are written in terms of N2 rather
than R2, as this is now the accepted standard form (3). The
lambda doubling parameters p and q are defined in the same
form as that originally derived by Mulliken and Christy (&),
While the third lambda doubling parameter o, which had
previously been used to describe a non-determinable contri-
bution acting equally on both lambda doublets, is used in
the more consistent form described by Brown and Merer (3).
The hyperfine expressions (7) consist of a the nuclear-spin
orbit interaction, br the Fermi contact interaction, c¢ the
spin dipolar interaction and d the lambda doubling spin
dipolar interaction. UWe have chosen to use br rather than

Frosch and Foley’s b (7) as this is more readily interpret-

able. They are related to each other as follous
be = b + 1/3 ¢ 2.24
The full set of hyperfine contributions are included

although insufficient data were available to determine all
of them.
The matrix elements betuween the effective Hamiltonian

eaqn 2.11 and the basis functions eagn 2.10 are readily

evaluated using spherical tensor algebra (8)(9%9). Most of
the elements are given by Broun et al (11), and the
additional centrifugal distortion corrections are readily

evaluated from the effect of the rotational matrix on the

original terms. The hyperfine term for the second nucleus
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1s by measuring two isotopes eg CH and CD and taking
advantage of the different isotope modification effects for
Y and Ao. As this has not been done, the values determined
in the 2T and 24 states for A and ¥ are only effective

parameters containing contributions from Ao.
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Chapter 3 High Resolution Spectroscopic Technigues

3.1 Intermodulated fluorescence

Introduction

Uhile most people would consider the resolution
obtainable by laser induced fluorescence,typically 1.5 GHz
fairly high, there still remains much structure of interest
which could be observed with a narrower lineuidth. The
limiting factor for observations of this type is the Doppler
linewidth and although hyperfine effects can be seen even
at this resolution, as will be shown for CuF in Chapter 5,
much structure remains hidden. Various saturation ﬁech~
niques have been developed to observe this structure,
involving two counter propagating beams of light. The
transition becomes saturated when the laser is tuned to the
centre of the Doppler profile, and molecules uhich are
stationary with respect to the line of the beams can absorb
from both. The fluorescence signal will show a similar
decrease to the absorption and the saturation signals may be
detected 1in this way. Any spectra recorded in this manner
will consist of smzll peaks on a large background and
clearly much better sensitivity could be obtained if the
saturation signals were produced with no background. This
can be done by using intermodulated fluorescence which
involves amplitude modulation of both beams and detection of
signals at the sum frequency of the modulation. This
technique was originally developed by Sorem and Schaulouw
(1), who recorded lines 1in the Iz spectrum, wusing the
514.5 nm  line of an argon i1on laser. The development of
tunable dye lasers uwith a single frequency linewidth of
1 MHz has made this a much more useful technique. Several
other species have been observed by this method some of them
in this laboratory and a summary of these is given by Brouwn

et al (2).




Figure 1.

Schematic of the arrangement of apparatus for
intermodulated fluorescence measurements. The
laser is split into two equal beams which are
chopped at different frequencies and passed
colinearly in opposite directions through the
sample. The fluorescence modulated at the sum
frequency is detected by a lock~-in amplifier.
The polarisation rotator and polariser are used
to stop the returning beam from re-entering the
laser. The 1lm confocal etalon acts as a
relative frequency calibration for measuring

splittings between lines.
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ultimate limiting factor is the lifetime of the excited
state but in both these cases this provides a contribution
much smaller than the observed linewidths, these probably
being caused by collisional and power broadening effects.

The signals seen for CuF probably involue the uweaskest

optical transition so far seen using IMF, 31 - 1Z+ yhich is
quite strongly forbidden, the lines seen being only just
visible by eye. To record these, an additional slit and

lens were added to the detection system uwhich gave an
improvement of two orders of magnitude in sensitivity. Lines
in SrF observed using the unmodified apparatus (2) with a
signal to noise of about 40 were seen with essentially no
noise and even the very weak lines in that system could be
seen easily. The optical transition for CH 24 - 2T is much
stronger and lines were observed comparatively easily.
Intermodulated fluorescence 1s a fairly sensitive
technique and could be used for most molecules which give
reasonably strong signals when observed using laser induced
fluorescence. The minimum signal to noise for LIF signals
required for observation of IMF is typically 1000 to 1 but
this 1s likely to depend on other factors such as the upper
state lifetime and the change in dipole moment for the

optical transition.
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3.2 Microwave Optical Double Resonance

Introduction

Another method of observing signals at a much higher
resolution than LIF is by microwave spectroscopy. Due o
the much Tlower frequency the Doppler linewidth is only of
the order of 100 kHz and frequently is not the limiting
factor. Conventional microwave absorption spectroscopy 1is
not as sensitive as LIF and for free radicals it is often
hard to obtain a sufficient concentration of the species
under 1nvestigation. The great sensitivity of fluorescence
detection means that , when a suitable optical transition is
available, signals uwhich are either very weask or unobseru-
able using conventional microwave absorption spectroscopy,
may be seen quite easily with good signal to noise using
microwave optical double resonance. The one major disadvan-
tage is that the linewidth is usually limited by the relax~
ation lifetime for the excited state and is frequently
somewhat greater than that obtainable with microwave absorp-
tion. Transitions 1in excited vibrational and electronic
states, which wusually cannot be observed at all using
microwave absorption, may also be recorded using MODR.

This technique of monitoring microwave transitions via

changes 1n fluorescence intensity was used even before the

advent of laser excitation, by pumping the appropriate
optical line with emission from an atomic discharge tube
(3)4). Since the advent of tunable dye lasers many

molecules have been studied using this technique.

Experimental

MODR transitions are observed by tuning the laser

radiation to connect with one component of the transition of

interest and varying the microwave frequency. The require-
ment for observing double resonance signals 1s that, when
the microwawve transition is resonant there should be a

significant change 1n the level of fluorescence. The actual




Figure 2.

Pumping scheme for Microwave Optical Double
Resonance experiments. For ground state
measurements a laser is used to depopulate
level 2, an increase in total fluorescence
occurs when the microwave transition is in
resonance and repopulates this level. for
excited state measurements a laser is used.to
promote a significant population to level 2.
When the microwave transition is tuned into
resonance the population in level 2 falls
leading to greater absorption of the laser beam
and hence anm increase 1inm the total

fluorescence.
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amount of change required will clearly be dependent on the
signal to noise for the optical transition, if this is very
high then only minute, perhaps 1 in 105, changes can be

detected but for weak optical transitions the change in .the
flucrescence level must be large. It is possible to observe.
MODR transitions in both ground and excited electronic
states, the pumping schemes for these two cases are shown in
figure 2. Ground state MODR tranmsitions are usually quite
easy to observe even if the optical transition 1is wesak.
Uhen the optical pump originates from level 2 there is
already a Boltzmann population difference between levels 1
and 2 which if saturation of the microwave transition 1s
achieved will Jead to an increase in fluorescence. 1f
pumping were to originate from level 1 then a decrease ;in
fluorescence could be observed in this case, however MODR
signals are frequently not obtainable in this situation.
Thie 1s the main reason uwhy for ground state MODR it is best
to pump from the upper level as it is quite possible for the
effect of pumping from level 1 to equalise the distribution
in the two levels, in uwhich case no signal would be
observed. If the optical pumping is very strong leading to
significant depletion from level 2 then MODR transitions may
be seen with fairly louw microwave pouers. This is known as
the strong pumping limit and using a dye laser, giving
typically 50 mWatts this is the situation normally obtained.
The study of upper state MODR, although this began

before ground state (3), 1is usually more difficult. If the
optical pumping transition is weak, then the amount of
fluorescence will depend only on the population of level 1
as level 2 will have an insignificant population relative to
this. Hence a resonant microwave transition between levels

2 and 2 can make no difference to the total level of fluor-
escence even if saturation is achieved and no signal may be
observed. The only possibility of observing MODR is if the
radiative transition from one excited state has a different
lifetime to the other, or that collisional effects lead to a
significant loss from one of the upper state levels via non-

radiative effects. This could lead to either an increase or
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decrease in fluorescence depending on which Jlevel is
effected. Signals 1involuing effects of this type have been
seen in the A2A: state of NHa (9). Upper state MODR

transitions may also be seen with weak pumping by dispersing
the resultant fluorescence vith a monochrometer, providing
that the resolution of this is sufficient for fluorescence
only from level 3 to be detected. It is also possible to
take advantage of the polarisation of the laser and
microwave radiation fields in order to detect signals with
only weak pumping. This has been described by Drullinger
and Zare (&) and by Field et al(7) uho observed signals by
this method in BaO. The change 1in polarisation of the
fluorescence when a microwave transition 1is resonant 1is
dependent on the different number of M components in  the
rotational levels 2 and 3. Thus this form of detec&ion
favours low J rotational observations.

If the optical pumping transition 1s stronger leading
to a significant (usually greater than 0.1%) population in

the excited state then the transitions are said to be

occurring at the strong pumping Jlimit. This is the
situation attained for most experiments using dye laser
excitation. In this case the rate of optical pumping is

dependent on the difference in population between levels 1

and 2 and hence a resonant microwave transition, resulting
in a fall in the population of level 2, will lead to an
increase in the total fluorescence. Even 1n the strong
pumping limit and with microwave saturation a signal 1s not

always certain to occur because if the rate of repopulation
of the ground state by collisional processes 1is slow

relative to relaxation from the excited state then the

factor limiting the total fluorescence will be this colli-
sional repopulation and hence the fluorescence intensity
will be independent of any microwave transitions between
levels 2 and 3. This could clearly be a problem 1in  some

systems and the only way around it would be to wuse the
charige of polarisation method of detection or else dispersed

fluorescence.

Al though MODR has been used for several molecules,
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there remain many more for which spectra unobtainable with
microwave absorption may be recorded due to the wvery high

sensitivity possible uwith fluorescence detection.
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The requirement of the fit is to find the matrix d uwhich
leads to the smallest value for the sum of the squares of

the residuals, this is given by 4.4
2 = ¥ = (3 - dA)(a - Ad) 4.4

The smallest value for rr is when the derivative with

respect to d i1s zero ie
23d(E - dA)Y(a - Ad)) =0
28Ad - 28a = 0

d = (AA)-1As 4.5

Equation 4.5 shows that in order to obtain the best set of

constants all that is required is the matrix of derivatives
and the set of initial residuals, simple matrix multipli-
cation giving corrections required to the original

constants. The matrices are often quite large involuing the
fitting of hundreds of points to tens of constants and hence
it is necessary to use a computer for the manipulations.
Sometimes different data points are known to different
accuracies and a fit with each point weighted according to
its measurement precision must be used. The weight matrix U
is wusually diagonal and consists of the inverse squares of
the measurement errors. In some cases where the data points

are correlated to each other, off diagonal elements should

also be included. These representing the error common to
both points in question. Equation 4.4 represents the
special case when all the weights are unity, the corre-

sponding general formula 1s
~ ~ ~
rWr = (a - da)U(a -~ Ad) 4.6
Following the same procedure as before gives
d = (AWA)-1AUa 4.7

and hence the changes to the parameters may be euvsluated.
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The derivative matrix can be obtained by two methods.

The simpler of these involues making a small change in the
parameter in question, typically 1 1n 105 and then recalcu-
lating the freqgquencies for each observation. The derivative

1s simply the change in frequency divided by the change in
parameter. However this method involues setting wup and
diagonalising the full set of energy matrices for each
parameter to be varied and results in a prohibitively high
run—-time when a large number of parameters are involved. An
added disaduvantage is that the initial value for a parameter

can not be taken as zero. The second method wuses the

Hellmann—Feynman theorem
OYE/NB) = OVH/BD 4.8

That is the derivative of the energy with respect to a
parameter is equal to the expectation wvalue, of the
derivative of the Hamiltonian with respect to that
parameter, taken over the appropriate wavefunction. If the
Hamiltonian contains only diagonal elements then the
expectation wvalue 1is simply the derivative, but 1in most
cases the basis states are mixed together by off-diagonal
elements and it 1is necessary to average over all of the
states contributing to a particular energy level. The
appropriate coefficients are contained in the eigenvectotr
matrix obtained from the diagonalisation of the energy
matrix and hence pre- and post-multiplying the derivative of
the Hamiltonian by this will give the expectation values of
the derivatives.

If the set of parameters, to be wvaried, has been
correctly selected and sufficient data are available to
determine all of them, the process described above will lead
to an improvement in the gquality of reproduction of the
data. Usually only two or three cycles are reauired before
no further 1mprovement 1is produced, and the best fit
constants obtained. Provided that the matrix of weights
has been formulated in terms of the actual estimated experi-

mental errors then the standard deviation of fit rFUWr/(n-m)
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CHAPTER S THE YELLOW SYSTEM OFf CufF

5.1 Introduction

The first rotational analysis of the various bands inm
the visible spectrum of CuF was attempted by Woods (1) in
1943, using spectra obtained in emission from a hollow-
cathode discharge source. However a full analysis of the
three bands observed at 570 nm, 506 nm and 492 nm was not
possible due to the complexity of the systems. The positions
of the low lying states of CuF, so far discovered, are shouwn
in figure 1. There was little further interest wuntil a
kinetic study by Johnson et al (2) into the chemilumen-
escence from the reaction of several F]uorine~contai$ing
compounds with copper atoms. They showed that this was due
to CuF. Steele and Broida (3) investigated the same
reactions as well as the products which occur from heating
CuF2 and measured radiative lifetimes and photon yields.
They also remeasured and analysed the A1E+-X1E+ system at
506 nm. A molecular beam study of the reaction betueen
copper atoms and F , carried out by Schwenz and Parson (4)
gave wvalues for the relative rates of formation of the
various excited states of CufF.

The most important general spectroscopic study has been
performed by Ahmed et al (5) using a grating spectrograph.
They observed five band systems, the three previously
mentioned and two new ones, also seen by Steele and Broida,
at 685 nm and 440 nm. From their analysis they were able to
assign the 492 nm band as B1iM-X1iZ+, the 440 nm band as c34-
X1Z+ and the 685 nm band as a3Z+-X1Z+.

They were not able however to assign the 570 nm, yellow
system definitively, and 1t was this deficiency which
prompted the present study. The observed yellow system
consisted of tuwo sub-bands which were clearly due to
transitions betueen the ground X1IZ+ state and tuwo excited
state Jlevels characterised by ¢ = 0t and 1. Ahmed et al
chose to assign this to a "p-complex’. 1f the copper and

fluorine nuclei are considered as being united in a single



Figure 1.

Low lying electronic states of copper
monofuoride. The ground state is mainly Cu'Fr~,
the Cu* having a 3310440 configuration., The six
excited states shown arise from promotion of an
electron from the 3d to the 48 orbital. The
spins of the unpaired electrons can be either
parallel or antiparallel giving rise to
singlets and triplets. The d orbital is split
into § ,W and g components in the cylindrical
symmetry of CuF giving rise to A and £
electronic states. The positions of the so far
unobserved sub-states (shown as dashed lines)v
are from the work of Schamps et al. (8).
The energies of the A, B and ¢ states are from
Ahmed et al. (5).
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