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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.
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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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described 1in Chapter 3. The reduced linewidth obtained
using IMF  (FUWHM = 0.025 GHz) meant that each of the four
peaks 1n those branches previously shouwing copper structure
could be seen to be split into doublets by the fluorine
(I=1/2) hyperfine interaction. Transitions to the 1- sub-
level uhich previously showed no structure were now found to
be split into quartets by the copper nucleus, the fluorine
structure was too small to be resolved.

This structure was unusual however as there was a
strong asymmetry in the splittings betueen the four
components. A1l the features observed except for this were
adequately reproduced by the 3Z- model and hence the
isomorphic “p-complex’ model. Many attempts were made to
obtain splittings of this type with the 3Z- model, these
included copper quadrupole and nuclear spin rotation
interactions but no asymmetry could be produced. Without
these inexplicable observations the present chapter could
well be about the b3Z- state of CuF, but at this stage we
began to doubt the 3Z- (and thus "p-complex ) assignment and
this feeling was strengthened when we learned of theoretical
calculations by Schamps (8) uwhich suggested that the
observed yellow bands might inuvolue a 3T upper state. In
order to test this possibility, the rotational freguencies
were fitted as subbands of a 3M-1Zt transition with the
origins of the unobserved 3Ma and 3Tlo- subbands fixed at the
values predicted by Schamps. The quality of fit was found to
be essentially the same as for the 3Z--1Z+ assignment, and
furthermore we were able to reproduce the relative
intensities of the different branches with a second order
perturbation treatment which involued two independent
transition moments (9) (10). Schamps’® calculations (8) had

predicted that the 3Ta2 component was 17200 cm~1 above the

ground state some 350 cm~1 belou the 3N: component. Our
intensity calculation also allowed us to predict the
relative intensities of lines in the 3M2 subband. It

suggested that i1f the subband was within 600 cm~! of the
observed system (ie above 17000 cm-1!) it should be

observable. A search of the region between 17000 &and
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17500 cm-?! was made and the 3Na2 subband was eventually found
with an origin at 17105 cm=1t (11).

Observation of this subband resulted in conclusive
identification of the upper state as b3M although it did - not
immediately solue the problem of the asymmetric hyperfine
structure which originally led us to consider this
assignment. The magnetic hyperfine effects still gave
essentially symmetric splittings but now there was in
addition a lambda-doubling type quadrupole interaction eq=2Q
which was found to be responsible for the asymmetry,
providing additional proof for the new excited state
assignment.

The remainder of this chapter consists of a description

of the experimental procedures, a summary of the results
obtained, the reduction of these results to a set of
effective Hamiltonian parameters, and an analysis of those

parameters in terms of the possible electronic config-
i

urations involved i1in the excited state.



Figure 2.

The Broida type oven for production of high
temperature molecules. The sample 1is
electrically heated in a graphite crucible and
the vapour swept into the region of interaction
by argon. A laser beam is passed through the
vapour and the resultant fluorescence detected
in a perpendicular direction, out of the page,
via a slit, lens and filter arrangement, by a
photomultiplier tube (not shown). For MODR
measurements the microwave radiation 1is
admitted through a piece of waveguide from the
opposite side of the oven to the detector, ie

from below the page.
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5.2 Experimental Details

When copper difluoride i1s heated to temperatures of
around 1000K or greater it produces a vapour which consists
to a large extent of copper monofluoride. In each of the
experiments the difluoride compound was resistively heated
in a flowing gas furnace spparatus of the Broida design
(12). A cut away view of the oven is shown 1n figure 2, the
basic structure consists of a 10cm diameter stainless steel
cross. The base section contains the actual furnace uwhich
is made wup of a graphite crucible sitting 1n a tungsten
heating basket. This is surrounded by either graphite or
zirconia felt for insulation and finally a ceramic tube and
lid which keeps everything in place and provides added
insulation. Electrical power for the element is provided
via two water cooled electrodes which pass into the oven in
insulating nylon sleeves, these are connected to a low
voltage transformer and variac adjustable ac supply. Argon
gas 1is passed through the furnace and sweeps the effluent
vapour out through a small hole in the top of the cover and
into the region of interaction.

The side arms of the cross contain glass windows at
Brewster s angle through uwhich either one or two laser beams
can be passed, 2.5 mm diameter irises are placed just inside
of the uwindows to reduce the amount of scattered laser light
in the cell to a minimum. The oven is pumped out through
the top via a particle filter, this section also contains a
window through which the interior of the heated cubicle can
be observed. Tuwo additional ports are situated on the faces
of the cross. Through one microwave radiation is admitted to
the oven via a section of waveguide, sometimes with a horn
attached uhere this is physically possible. Opposite to
this is the fluorescence detection system which consists of
a collimating slit, lens and band~pass interference filter,
which for CuF was centred at 555 nm with a 50 nm bandwidth.
These were arranged in such a way as to focus the laser
induced fluorescence from uwhere the laser beam passed

through the sample, onto the photomultiplier tube.
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To produce the CuF vapour efficiently, the difluoride
powder had to be dry and i1t was also necessary to heat it
fairly slouwly in order to fuse it into & solid mass. The
best signals were obtained just before solid matter began to
shoot out of the crucible and, for weak signals, it was
always a problem to keep the level of heating as close as
possible to this point. The total pressure in the oven was
maintained at about 400 mTorr for the LIF and IMF measure-
ments, however the MODR signals were found to be wvery
sensitive to collisional relaxation and the optimum pressure
was determined to be 7150 mTorr. Thermal dissociation was
used as the production scheme rather than the reaction of
metal wvapour with fluorine, or a fluorine~containing
compound because a lower pressure could be maintained and
the background signal from chemilumenescence was eliminated.

The radiation source was a Coherent Radiation 599-21
standing wave dye Jlaser pumped with 3.5 Watts of the
514.5 nm line of a Spectra-Physics 170 Argon ion laser. For
most measurements, Rhodamine 110 dye was used. The
exception being those involuving the 3Tz2 sub-band which were
covered by Rhodamine &G. In both cases R6G dye-laser
mirrors were used and this was probably the cause of the
moderately low 60 - 90 mWatts of single mode output obtained
from R110. Using R6G about 150 - 200 mWatts were produced.
The output 1is scannable over a range of 30 GHz (71 cm~1),
before readjustment 1s necessary and has a linewidth of
about 1 MHz. This makes it ideal for most of the experi-
ments performed uwhere the scans are fairly short and the
resolution possible quite high (710 MHz).

For LIF and IMF measurements the laser radiation was
amplitude modulated at about 900 Hz and a tuned lock-in
amplifier wused to analyse the signal from the photomult-
iplier tube. This results in much improved signal to noise
as signals from unmodulated sources in this case primarily
background radiation from the owven, are much reduced
relative to those uwhich are modulated. Though it was still
necessary to align the laser—-beam carefully through the oven

in order to reduce the amount of scattered laser light









Figure 3.

Schematic of the arrangement of microwave
equipment for MODR measurements. The radiation
of interest is amplitude modulated and passed
into the <cell, the resultant change in
fluorescence intensity modulated at this
frequency is detected by a lock-in amplifier. A
small portion of the radiation is mixed with a
harmonic of a stabilised reference frequency
and the difference frequency detected to give
absolute and relative frequency calibration as

the microwave source is swept.
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values for the freqgquencies of the wvarious microwave
transitions observed, were determined by mixing a portion of
the swept radiation with a fixed and stabilised reference
frequency at some integer fraction of the main signal.’ A
typical set up for this type of measurement 1is shown 1in
figure 3. Beat signals from the frequency mixer were picked
up by a 30 MHz amplifier-detector, Microwave Systems Model
PLS-30, and the signals plotted out simultaneocusly with the
MODR spectrum. Thus on a8 scan of greater than 60 MHz tuwo
markers would be obtained separated by 60 MHz with the
centre frequency measured wvery accurately (ie. to the
nearest kiloHertz) by means of an HP5245L counter with 5256A
frequency converter plug-in. However, it was frequently not
possible to obtain a 60 MHz scan using the klystron, but
fortunately careful adjustment of the mixing set-up resulted
in further beat signals from higher order mixings appearing
15 MHz from the centre and also 10 MHz et cetera, making
measurement of very short scans possible, provided care was

taken in deciding which beat signals were being observed.



Figure 4.

Splitting of the v=0 levels of the components
of the b3ﬂ state of CuF, due to spin-orbit
coupling, and mixing with other near-by states.
The 2=0" component, which has not yet been
seen, is shown by a dashed line in the position
predicted by Schamps et al. (8). The energy
scale is in cm~! relative to v=0 of the X!T*

state.
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5.3 Observations

Laser Induced Fluorescence

The b3 - X1Z+ system of CuF consists of four sub-
bands, the positions of which, for the v' = 0 wvibrational
levels relative to the v' = 0 level are shown in figure 4.
Our initial measurements involved transitions to the Q = 0+
and 1 only. Identification of the lines was easy as they
had already been seen at quite high resolution by Ahmed et
al (S). There are two copper isotopes ©3Cu and ©5Cu uwhich
have natural abundances of 70% and 30X% respectively, houwever
only transitions involving ©3CuF were recorded and similarly
only the (0,0) vibrational band was measured although both
(1,1) and (2,2) transitions were observed.

These first measurements consisted of P and R branches

to the 3Mo+ component and P,Q and R branches to the 3T

component. The resolution of these recordings was an
improvement over that achieved in previous work, being
limited by the Doppler effect (FUHM = 1.02 GHz). The
majority of rotational lines show a partially resolued

quartet structure, due to the Cu (I=3/2) nuclear hyperfine
splitting. The characteristics of the hyperfine structure
are as TfTollows. No significant broadening or splitting is
observable for low J in any of the five branches. The lines
in the Q branch remain narrow as J increases but the P and R
branch lines first broaden (about J=15) and eventually split
(Jx30) into four partially resoluved conponents. The maximum
level of splitting is reached at about J=50 and observation
of some wvery high J lines (J290) shows that there 1s no
further i1ncrease. An example of this hyperfine structure
for a typical Jline uwhere the splitting is close to 1its
limiting value is shown in figure 5.

The signal to noise for most of the lines observed wuss
at best about 100 to 1. This rather poor value 1s due to
the measurements having been made before a slit and lens
were added to i1improve the detection system which has

resulted in an approximate 100 fold improvement in the



Figure 5.

Partially resolved hyperfine structure on the
P,(55) line in the (0,0) band of the b3M - xlz*
system of CuF. The structure is interpreted as
arising from hyperfine interactions involving

the ©3Cu nucleus (I=3/2).
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Figure 6.

Part of the Q branch of the b3n2 - X12+ sub-
band of %3CuF. The diagram is a composite of
five experimentally recorded sections. The J
values involved in the transitions are shown

above the spectral lines.
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sensitivity. It was possible to follou most of the branches
doun to the first members, the exceptions being the Q.
branch where the first 10 lines are not resolved from each
other and the first P: branch Jline overlapped by -the
beginning of the Qi branch. It was not felt necessary to
determine the position of every line, a selection of about
200 features from throughout the five branches being
measured.

Observation of lines in the 3Ma ~ 1Z+ sub-band were
made some time after the original measurements and resulted
in the determination of the nature of the excited state.
Lines 1in the Q and R branches of the sub-band for J values
from 20 to 70 were observed and also a few weak lines in the
P branch around J=30. The signal to noise ratio of the
observed lines was typically 10:1 and never more than 20:1.
Some of the weaker lines had to be recorded with a longer
time constant (1 sec instead of 0.3 sec) to improve the
signal to noise ratio. A portion of the Q branch from J=46
to 59 is shown in figure 6. Accurate estimation of the
relative intensity of this sub-band is difficult because of
the change of dye, and hence laser power, and also the
inclusion of the slit and lens in the detection system.
Allowing for these factors the lines in the 3Ma - 1Z+ sub-
band appear to be about three orders of magnitude weaker
than those in the 3Ti and 3Mos -~ 1Z+ sub-bands. Within the
sub-band, the R and P lines are respectively about two and
ten times weaker than the Q lines. These relative intens-
ities are completely in accord with the predictions of a
second-order perturbation calculation (9,10) carried out to
determine whether observation of these transitions was
feasible. The result of this calculation is shown in figure
7, which also shows the relative weskness of the Ri branch,
in agreement uwith the experimental observations. The

absence of lines with J less than 20 in the 3Ma branches 1s

also shoun. This 1s consistent with the assignment to a
3Ma -~ 1T+ sub—-band which acquires intensity through
rotational mixing between the Q = 1 and 2 spin components.

Because the N doubling 1in the 3Tz2 components is small,



Figure 7.

Relative intensities of lines in the (0,0) band
of the b3T - XI£* system of CuF. This is a
computer simulation based on a second-order
perturbation calculation (9,10). Transitions
for J between 0 and 90 in multiples of 10 are
shown, with the tramsitions to 3ﬂ2 and 3ﬂo_
expanded by a factor of 1000. These intensities
are in good agreement with the experimental

observations.
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lower—-state combination differences R(J)-Q(J+1) could be
constructed to confirm that the lower levels belong to the
X1¥+ state v=0 and to provide J quantum number assignments.
None of +the lines 1in this sub-band shouw copper
hyperfine splittings although there is some evidence of line
broadening. This is consistent with calculations of the
hyperfine structure based on the observed splittings in the
other sub-bands. No transitions have so far been observed to
the 3No- component, although as can be seen from figure 7,
these are expected to have sufficient i1ntensity to be
observable. A search of the region from 17700 to 18200 cm-1
was made but no lines observed. It is possible that the
lines could lie in this region but were missed, because of
their weakness, however it is more likely that the sub-band
lies more than 18200 cm-1! above the ground state. Searching
this region would involue the use of a different laser dye
coumarin é and an associated mirror set, and the inform-
ation to be gained from this was not considered sufficiently

important to make the experiments worthuhile.

Intermodulated Fluorescence

The detection of IMF signals requires that the signal
to noise ratio for the line of interest, uwhen observed by
laser induced fluorescence, be typically of the order of
1000:1 or greater. The result of this restriction was that
only the wvery strongest lines in the spectrum could be
observed, these lay between J=10 and 35 in the Ro and
betuween J=15 and 30 in the Po, P1i and Qi branches, as can be

seen 1i1n figure 7. A total of ten rotational lines were
examined, four in the Ro branch, two in the Pi1 and four in
the Q1.

In all cases the IMF lines were weak with a signal to
noise of at best 20:1 in the Ro branch and only betuween 5
and 10:1 in the Pi: and Qi branches, to maximise the signal
to noise a long time constant (3 secs) was used. This
required wvery slow scans in order not to distort the

signals, which resulted in problems with the laser "mode-



Figure 8.

Hyperfine structure on the Ry(18) line in the
(0,0) band of the b3 - x1£* transition of CuF.
This spectrum was recorded uvwsing intermodulated
fluorescence which reduces the linewidth to
about 40 MHz. The frequency was swept more
rapidly between each doublet in order to reduce
the possibilty of laser mode hops occurring.
The splittings were measured by simultaneously
recording fringes from a 75 MHz etalon. The
structure is interpreted as arising from first
copper (I = 3/2) and then fluorine (I = 1/2)

nuclear hyperfine interactions.






Figure 9.

Asymmetric hyperfine structure on the Q1(19)
and Q;(33) lines. The splittings arise from the
copper hyperfine interaction, the fluorine
splitting is too small to be resoclved. For
Q;(19) the F] = 17 and 18 components are not
resolved and give rise to one line of double
intensity. These spectra clearly illustrate the
large asymmetry in the splittings in the Q;
branch which arises from a combination of
magnetic hyperfine and electric quadrupole

interactions.
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Figure 10.

Pumping scheme for the J = 1 - 0 MODR
transition in the b3n0+ sub-state of CuF. The
laser was tuned to the Py(1) transition which
pumps the J = 0 level of the excited state. The
microwave radiation at about 23 GHz was then
tuned across the three hyperfine components of

the transition.
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Figure 11.

Hyperfine structure on the J = 1 - 0 pure
rotational transition in the v = 0 leve of CuF
b3n0+. The three components are due to
interactions with the copper nucleus for the
J = 1 level. No fluorine hyperfine splitting
was observed even at this narrow linewidth of

about 5 MHz.
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Sllo+  sub-level six lines were observed in three doublets,
due to copper and then fluorine hyperfine effects. These
lines were considerably weaker than those at 23 GHz with a2
signal to noise ratio of about 2:1 rather than 10 or 20:1.
The most likely explanation for this is a greater rate of
collisional relaxation, which was clearly shown to be a
ma jor problem by the fact that the lines were only vuisible
at fairly low pressure (150 mTorr).

Although these 3No» observations are important in
determining the rotational constants they give little
additional hyperfine information as the structure observed
is merely a continuation of that seen in this sub-leuvel at
higher J. The low J lines in the 311 sub-level are expected
to show quite considerable hyperfine structure but this 1is
only poorly predicted from the visible spectra. This
problem is compounded by the fact that when the search for
these lines was made the upper state was thought to be 3I-
and hence the predictions were highly 1inaccurate. The
expected weakness of the lines, perhaps 2:1 coupled with the
problem of scanning the wide frequency range necessary,
meant that no definite observations were made. One probable
line was seen with a signal to noise ratio of about 2:1,
but this weakness makes it i1mpossible to say with certainty
that 1t is an MODR transition.

Finally a lambda doubling transition between the O = 1%+
and 1- components 1in the J=7 level at about 16 GHz was
examined. This was expected to shouw four pairs of lines due
to copper and fluorine hyperfine effects, but only one of
the doublets was observed. Again this was mainly as a

result of poor predictions based on the 3Z- model for the

upper state that was in use at the time. The two lines
observed were only seen with good signal to noise, about
10:1, on one occasion when the crucible contents were just

beginning to spit out into the path of the laser beam and
thus cause large noise spikes, it proved impossible to
obtain a repeat of these exact same conditions for the other

measurements.
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5.4 Fit of the Datsa

Initial attempts to fit the observations (7) were made
using a 3L~ Hamiltonian (17). The experimental data which
consisted only of the LIF and IMF data for the Q@ = 0+ and 1
components were reproduced to the estimated error of
0.007 cm~1  and there were no obvious systematic trends 1in
the errors. Thus it was assumed that this was the correct
model, however the observation of asymmetry in the hyperfine
structure in the Q = 1- component was not readily
explicable. Not only was there no asymmetry in the
predicted structure, but the total splitting predicted of
about 50 MHz at J=30 was much less than the observed value
of about 2000 MHz. It was clear that this structure could
not be explained by the main Fermi contact and spin dipolar
magnetic hyperfine interactions. The most likely additional
interaction would be the electric quadrupole term which has
the essentially quadratic form necessary to produce
asymmetric structure. However the ground state parameter of
21.95 MHz (15) is quite small and the upper state value was
likely to be similar, and thus unlikely to account for the
size of the splittings. When calculations were made with the
quadrupole term included it was found that the size of
splitting declined very rapidly with J, the exact opposite
of the experimental observations. The only other term
considered was the nuclear spin-rotation interaction Ci, but
the ground state value for this was even smaller, 36 kHz
(15). Calculations were performed with this interaction
included but no asymmetry was produced nor did the size of
splitting increase significantly with J.

Hence although all the other observations were

adequsately reproduced by the 3£~ model the failure to obtain

structure even remotely similar to the experimental
splittings 1in the § = 1- sub-band caused us to reconsider
the model used to explain our observations. It was at this

point that we learned of theoretical calculations by Schamps
which predicted a 37 state at about the position of the

vellouw system and also showed that any p~complex  or 3Z-
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levels would be likely to be at a much higher energy abouve
the ground state. To check this possibility we fitted the
observed transitions, with hyperfine structure neglected,
using the 3 x 3 form of the Hamiltonian described- in
chapter 2. The unobserved 3Ta and 3Mo- Jlevels were
constrained to their calculated positions and the rest of
the data were found to fit to essentially the same precision
as obtained with the 3Z- model. As 1t turns out this is
hardly surprising, as the unobserved 3T. components are
widely separated from the observed levels and hence have
little effect on them, the 3o+ and 3T levels thus behave
essentially as a 3L~ state.

It was decided that the way to obtain a conclusive
identification would be to observe transitions to one of the
previously unobserved components. To see whether this was
possible a calculation was made of the intensities of these
possible transitions relative to those already observed.
The model used was a second-order perturbation treatment
(9,10) with two independent transition moments uuw and di .
The calculation was performed using unfactorised basis
states and thus the 37 Hamiltonian was 6 x 6 and the
transition matrix between this and the 1 x 1 1Zt state was
6 x 1. The parameters obtained from the fit of the observed
data to the 37 model were used as input for this calculation
and the positions of the unobserved components varied to
determine over what range transitions would be likely to be
observable. The rotational temperature was varied to obtain
a good reproduction of the existing measurements, the best
value being about 600K. The values of uun and ui were also
varied but the existing structure seemed to be best fitted
with both equal to 1. These calculations predicted that
both 3No- and 3Nz - 1Z+ transitions would be about three
orders of magnitude weaker than the previous observations if

situated within 100 or 200 cm-t of the theoretical

positions, this being the estimated error for those calcul-
ations. It was decided to search for the 30z component for
two reasons, firstly because the laser power in this region

is much higher, and secondly because the presence of three
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branches increased the range over uhich transitions would be
observable, and thus made the search easier.

The successful observation of transitions to the 372
branch meant that these frequencies could now be included in
the fit. The full results of this calculstion with
hyperfine structure omitted were given in ref (11), but the
essential details are in table 1. In order to reproduce the
data to the estimated experimental error of 0.007 cm-1, it
was necessary to include centrifugal distortion corrections
Ao and Ao to the spin-orbit and spin-spin coupling respect-—
ively. As can be seen from table 1 all the parameters were
determined satisfactorily but there was a very high degree
of correlation (~1.0000) between the values of r and p due
to the absence of data on the 3Mo- component. This problem
was owvercome by fitting to the combinations determinable
from the data, ¥r+p and r-p which are much less correlated.
The VY-p combination was only very poorly determined, an
added factor in this is that the states connected by r—-p are
much further apart than those connected by r+p and hence the
effects produced are much smaller.

To fit all the observations, with hyperfine effects

included, 1t was necessary to set up the full 24 x 24
Hamiltonian matrix for each possible value of F, that 1is
from 0 to 74. The matrices were diagonalised and the

eigenvectors used to determine which energies belonged to
each basic state. Before any attempt to fit the hyperfine
data, it was first required to make assignments for each of
the transitions. Although it is often possible to predict
the assignments from calculations of the hyperfine
parameters, it is clearly better if these can be obtained by
analysing the data. This was done by looking at the
relative intensities of the components and comparing them
with calculated wvalues, these intensities depend very
roughly on the value of F and hence the differences are
greatest for the very low rotational lines uwhere the ratio,

of the difference in F betuween the lines, to J 1s greatest.
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Figure 12.

Calculation of the relative intensities of the
hyperfine components of the J = 1 - 0
transitions. The ratio of 3:2:1 is in good
agreement with the experimental observations,
this intensity variation allows definite
assignment of F; quantum numbers and also
determines the sign of the copper Fermi contact
magnetic hyperfine parameter, which provides

the main contribution to the splitting.
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Table 2. Deconvolution of LIF hyperfine structure

Transitions

Observed Recalculated Deconvoluted

R0(28) 63.3930% 63.3930 63.3918
63.4279 63.4280 63.4282
63.4691 63.4696 63.4658
63.4909 63.4910 63.4956
R0(29) 64.3748 64.3748 64.3725
64.4056 64.4059 64.4055
64.4390 64.4394 64.4381
64.4647 64.4648 64.4687
RO(BO) 65.3529 65.3530 65.3513
65.3875 65.3878 65.3859
65.4183 65.4186 65.4171
65.4414 65.4416 65.4466
R0(31) 66.3305 66.3305 66.3289
66.3639 66.3641 66.3639
66.3998 66.4003 66.3986
66.4267 66.4269 66.4301
R0(32) 67.3066 67.3067 67.3054
67.3412 67.3416 67.3410
67.3758 67.3755 67.3750
67.4053 67.4056 67.4079
R0(36) 71.2528 71.2529 71.2522
71.2926 71.2930 71.2916
71.3260 71.3260 71.3256
71.3568 71.3568 71.3589
R0(37) 72.2449 72.2451 72.2443
72.2833 72.2837 72.28312
72.3206 72.3206 72,3200
72.3527 72.3529 72.3545
R0(39) 74.2439 74.2440 74.2428
74.2785 74.2785 74.2788
74.3170 74.3171 74.3165
74.3504 74.3504 74.3518
R0(43) 78.1779 78.1780 78.1776
78.2202 78.2205 78.2200
78.2587 78.2588 78.2585
78.2946 78.2944 78.2954
RO(AA) 79.1613 79.1613 79.1608
79.2011 79.2010 79.2013
79.2509 79.2513 79.2490
79.2794 79.2797 79.2819



Observed

Recalculated

Deconvoluted

RO(AS)

P0(32)

P0(34)

P0(35)

Py(36)

P,(37)

P0(38)

P0(48)

PO(SO)

P1(36)

PI(AS)

80.1498
80.1896
80.2319
80.2678

17.8883
17.9204
17.9550
17.9807

16.8643
16.8989
16.9348
16.9630

16.3607
16.3941
16.4275
16.4596

15.8377
15.8736
15.9146
15.9403

15.3336
15.3695
15.4054
15.4439

14.8310
14.8644
14.9003
14.9260

9.8578
9.8937
9.9296
9.9642

8.8578
8.8899
8.9297
8.9695

~58.7489
-58.7207
-58.6886
~58.6655

-71.9421
-71.9062
-71.8728
-71.8459

80.1500
80.1896
80.2323
80.2677

17.8883
17.9206
17.9554
17.9809

16.8644
16.8991
16.9351
16.9632

16.3608
16.3945
16.4273
16.4596

15.8377
15.8737
15.9150
15.9404

15.3338
15.3697
15.4051
15.4437

14.8310
14.8646
14.9008
14.9262

9.8580
9.8940
9.9295
9.9641

8.8576
8.8897
8.9296
8.9694

-58.7488
-58.7202
~58.6882
~58.6653

-71.9421
-71.9060
-71.8724
~71.8457

80.1494
80.1897
80.2316
80.2686

17.8864
17.9203
17.9538
17.9846

16.8630
16.8988
16.9338
16.9659

16.3592
16.3939
16.4274
16.4614

15.8367
15.8738
15.9124
15.9437

15.3327
15.3695
15.4056
15.4444

14.8294
14.8644
14.8988
14.9297

9.8569
9.8937
9.9294
9.9653

8.8559
8.8906
8.9297
8.9699

-58.7521
~58.7206
~58.6897
-58.6602

-71.9433
-71.9070
~-71.8737
~-71.8424



Observed Recalculated Deconvoluted

P, (46) -73.4184 ~73.4183 -73.4214
-73.3915 -73.3911 -73.3898
~73.3543 -73.3541 ~-73.3553
~73.3261 -73.3260 -73.3232

P1(47) ~-74.9558 -74.9557 ~-74.,9582
-74.9263 -74.9261 ~74.9254
-74.8904 ~74.8901 ~74.8913
~74.8622 ~74.8621 -74.8593

Pl(SO) ~79.5551 -79.5551 ~-79.5575
-79.5256 ~79.5254 -79.5248
~-719.4884 -79.4880 -79.4907
-79.4652 ~-79.4651 -79.4607

Pl(Sl) -81.1192 ~-81.1192 -81.1210
-81.0871 ~81.0870 -81.0864
-81.0486 -81.0486 ~81.0496
~81.0178 ~81.0176 -81.0157

Py(52) -82.7035 -82.7035 ~-82.7053
-82.6714 -82.6713 ~-82.6709
-82.6342 -82.6343 -82.6353
~-82.6047 -82.6044 -82.6022

P1(53) -84.2464 ~84.2463 -84.2479
-84.2130 -84.2127 -84.2129
-84.1771 ~-84.1774 ~-84.1781
~84.1476 ~-84.1473 -84.1450

Pl(60) -95.4668 -95.4668 ~95.4675
~-95.4283 -95.4282 -95.4284
~95.3885 -95.3881 -95.3904
~95.3616 -95.3615 -95.3586

P1(6l) -97.0813 -97.0811 ~-97.0822
=97 .0454 -97.0453 -97.0452
-97.0069 -97.0068 ~97.0076
-96.9748 -96.9745 -96.9730

P1(62) -98.7070 -98.7069 -98.7084
-98.6736 -98.6736 ~-98.6731
~98.6351 ~98.6350 -98.6358
-98.6030 -98.6027 -98.6012

All the figures are in cm~ ! and they corfespond
to tramsition energies - 17575 cm~ %, The
correction due to recalibration of the etalon
spacing has not been included and hence all

spittings are too large by a factor of 2.5%7.









Table 3. Measured transitions in the (0,0) b3n - X12+ band of 63CuFa

Branch Observed Obs-Calc Branch Observed Obs~Calc
RO(O) 17613.412 0.001 R2(37) 17129.186 ~0.005
Ro(l) 17614.189 ~0.001 R2(38) 17129.721 0.000
RO(Z) 17614.975 -0.003 R2(39) 17130.238 -0.004
R0(3) 17615.789 0.013 RZ(AO) 17130.764 0.003
RO(IZ) 17623.428 0.019 R2(41) 17131.281 0.007
R0(13) 17624.291 -0.011 R2(42) 17131.781 ~0.000
Po(l) 17611.895 0.005 R2(43) 17132.283 0.000
PO(Z) 17611.148 0.003 R2(44) 17132.783 0.002
P0(3) 17610.412 ~0.001 R2(45) 17133.277 0.004
Po(4) 17609.689 ~0.001 R2(46) 17133.754 ~-0.006
P0(13) 17603.635 ~-0.009 R2(47) 17134.248 0.006
PO(IA) 17603.010 -0.009 R2(48) 17134.723 0.003
P0(19) 17600.014 ~0.008 R2(49) 17135.195 0.005
PO(ZO) 17599.436 ~0.008 R2(50) 17135.662 0.004
Rl(O) 17557.205 0.007 RZ(SI) 17136.117 ~-0.004
Rl(l) 17557.924 0.011 R2(52) 17136.578 ~0.001
Rl(Z) 17558.609 0.008 R2(53) 17137.027 ~0.006
R1(3) 17559.262 ~0.004 R2(54) 17137.477 -0.005
R1(9) 17562.758 -0.004 R2(55) 17137.939 0.014
Rl(IO) 17563.258 -0.009 R2(56) 17138.363 ~0.001
Rl(ll) 17563.752 0.001 R2(57) 17138.801 0.000
Rl(ZO) 17567.188 0.004 R2(58) 17139.221 -0.012
R1(21) 17567.455 ~0.015 R2(59) 17139.645 ~0.015
R1(22) 17567.742 0.003 R2(60) 17140.088 0.006
R1(23) 17567.998 0.006 R2(61) 17140.496 ~0.004
QI(IO) 17556.268 0.005 R2(62) 17140.912 ~0.003
Ql(ll) 17556.219 ~0.000 R2(63) 17141.344 0.018
Q1(12) 17556.172 -0.001 R2(64) 17141.713 ~0.021
Q1(13) 17556.123 0.002 R2(65) 17142.123 ~-0.012
Q1(14) 17556 .070 0.004 R2(66) 17142.538 0.003
Ql(IS) 17556 .012 0.003 R2(67) 17142.927 -0.004
Ql(lﬁ) 17555.943 ~0.003 R2(68) 17143.330 0.006
Q1(17) 17555.871 -0.009 R2(69) 17143.711 -0.002
Ql(lB) 17555.807 -0.003 Q2(22) 17103.367 -0.008
Q1(19) 17555.738 0.002 Q2(23) 17103.232 ~0.009
Q1(20) 17555.666 0.007 Q2(24) 17103.098 ~-0.005
Ql(21) 17555.590 0.012 Q2(25) 17102.971 0.0k1
Q1(22) 17555.506 0.013 Q2(26) 17102.814 0.004
Q1(23) 17555.406 0.002 Q2(27) 17102.662 0.008
Q1(2‘*) 17555.313 -0.000 Q2(28) 17102.492 -0.002
Ql(25) 17555.215 ~0.004 Q2(29) 17102.322 -0.006

TS 17555115 ~0.004 0.(30) 17102.152 -0.005



Branch Observed Obs-Calc Branch Observed Obs-Calc
Q1(27) 17555.006 ~0.010 Q2(3l) 17101.973 -0.009
Ql(28) 17554.902 -~0.008 Q2(32) 17101.787 ~0.014
Q1(29) 17554.799 -0.003 Q2(33) 17101.609 -0.005
Ql(30) 17554.684 ~0.004 Q2(34) 17101.430 0.008
Q (31) 17554.564  ~0.007 Qq(35) 17101.232 0.007
Q1(32) 17554.455 0.003 Q2(36) 17101.035 0.012
Q1(33) 17554.314 ~0.016 Q2(37) 17100.818 0.001
Q1(34) 17554.189 ~0.015 Q2(38) 17100.600 -0.005
Q1(35) 17554.059 -0.016 Q2(39) 17100.396 0.007
Q1(36) 17553.930 ~0.013 Q2(40) 17100.168 -0.000
Q1(37) 17553.799 ~0.008 Q2(41) 17099.926 ~0.015
Q1(38) 17553.670 0.002 Q2(42) 17099.699 -0.010
Q1(39) 17553.521 ~0.005 Q2(43) 17099.475 ~0.001
Ql(AO) 17553.379 -0.005 Q2(44) 17099.232 ~0.003
Q1(41) 17553.230 ~0.005 Q2(45) 17098.992 0.002
Q1(42) 17553.088 0.002 Q2(46) 17098.744 0.003
Q1(43) 17552.949 0.017 Q2(47) 17098.482 -0.005
Q1(44) 17552.785 0.010 Q2(48) 17098.236 0.006
Q1(45) 17552.623 0.005 Q2(49) 17097.963 -0.005
Q1(47) 17552.297 0.004 Q2(50) 17097.701 0.001
Ql(48) 17552.129 0.002 Q2(51) 17097.426 ~0.005
P1(3) 17554.127 ~0.007 Q2(52) 17097 .148 ~0.008
P (4) 17553.299  -0.014 Q,(53) 17096 .881 0.003
P1(5) 17552.457 -0.009 Q2(54) 17096 .590 ~0.007
P1(17) 17540.572 0.014 QZ(SS) 17096 .303 ~0.008
Pl(18) 17539.439 0.007 Q2(56) 17096 .014 ~0.006
Pl(ZZ) 17534.744 0.006 Q2(57) 17095.725 ~0.003
P1(23) 17533.520 -0.003 Q2(58) 17095.434 0.003
R2(23) 17121.219 0.006 Q2(59) 17095.143 0.012
R2(24) 17121.811 -0.008 QZ(GO) 17094.826 0.000
R2(25) 17122.422 0.008 Qz(él) 17094.516 ~0.003
R2(26) 17123.014 0.004 Q2(62) 17094.205 ~0.002
R2(27) 17123.596 ~0.005 Q2(63) 17093.902 0.007
R2(28) 17124.180 ~-0.006 Q2(64) 17093.584 0.005
R2(29) 17124.768 0.003 Q2(65) 17093.270 0.011
R2(30) 17125.350 0.013 Q2(66) 17092.928 ~0.010
R2(31) 17125.914 0.011 Q2(67) 17092.611 -0.001
R2(32) 17126 .463 -0.003 Q2(68) 17092.297 0.011
R2(33) 17127.027 0.005 Q2(69) 17091.951 ~0.002
R2(34) 17127.578 0.007 Q2(70) 17091 .625 0.003
R2(35) 17128.119 0.002 Q2(71) 17091.293 0.006
R2(36) 17128.652 -0.004 Q2(72) 17090.961 0.010



Branch 3 Observed Obs~Calc
Rp(28) 27.5 17638.495 0.004
Rg(28) 28.5 17638.465 0.006
Ry (28) 29.5 17638.429 0.001
Ry(28) 30.5 17638.393 -0.001
Rp(29) 28.5 17639.468 -0.001
Rg(29) 29.5 17639.438 0.001
Rp(29) 30.5 17639.406 0.001
Rg(29) 31.5 17639.374 0.003
Rp(30) 29.5 17640.446 ~0.004
R(30) 30.5 17640.417 -0.000
R(30) 31.5 17640.386 0.003
Rg(30) 32.5 17640.353 0.003
Rg(31) 30.5 17641.429 -0.003
Rp(31) 31.5 17641.398 ~0.001
Rg(31) 32.5 17641.364 -0.001
Rp(31) 33.5 17641.330 0.000
Ry(32) 31.5 17642.407 -0.009
Rp(32) 32.5 17642.375 -0.008
Ry(32) 33.5 17642.341 ~0.007
R(32) 34.5 17642.307 -0.005
Ry (36) 35.5 17646.358 -0.009
Ry(36) 36.5 17646 .325 -0.006
Rp(36) 37.5 17646.292 -0.002
R(36) 38.5 17646 .254 -0.002
RG(37) 36.5 17647.353 ~-0.004
Rg(37) 37.5 17647 .320 -0.001
RG(37) 38.5 17647 .284 0.001
Rp(37) 39.5 17647 .246 0.001
R(39) 38.5 17649.340 0.003
Rg(39) 39.5 17649.306 0.006
Rp(39) 40.5 17649.269 0.007
Ry(39) 41.5 17649.234 0.012
Ry (43) 42.5 17653.294 -0.004
R (43) 43.5 17653.258 ~-0.000
Rg(43) 44.5 17653.221 0.002
Ro(43) 45.5 17653.179 0.003
Ry (44) 43.5 17654.281 ~-0.006
Ro(44) 44 .5 17654.249 0.002
Ry (44) 45.5 17654.202 ~-0.004
Ro(44) 46 .5 17654.162 -0.001
Ro(45) 44 .5 17655.267 -0.007
Ro(45) 45.5 17655.231 -0.003
Rp(45) 46 .5 17655.190 ~-0.003
Ro(45) 47.5 17655.151 0.000



Branch F Observed Obs-Calc
Pg(32) 29.5 17592.984 -0.006
Pq(32) 30.5 17592.953 -0.004
Pg(32) 31.5 17592.921 ~0.003
Po(32) 32.5 17592.888 -0.002
Po(34) 31.5 17591.965 0.002
Po(34) 32.5 17591.933 0.004
P0(34) 33.5 17591.899 0.005
P0(34) 34.5 17591.864 0.006
Py(35) 32.5 17591.460 0.007
Pg(35) 33.5 17591.427 0.008
P,(35) 34.5 17591.394 0.010
Py(35) 35.5 17591.360 0.013
Po(36) 33.5 17590.943 -0.003
Po(36) 34.5 17590.912 0.001
P,(36) 35.5 17590.874 ~0.001
Py(36) 36.5 17590.838 -0.000
Py(37) 34.5 17590.443 0.002
Pp(37) 35.5 17590.405 -0.000
P0(37) 36.5 17590.370 0.001
Po(37) 37.5 17590.334 0.003
Py(38) 35.5 17589.929 -0.009
P0(38) 36.5 17589.898 -0.003
Py(38) 37.5 17589.865 0.000
Py(38) 38.5 17589.831 0.004
P,(48) 45.5 17584.964 ~-0.003
P,(48) 46 .5 17584.929 0.003
POGAB) 47.5 17584.894 0.009
Po(48) 48.5 17584.858 0.017
Po(50) 47.5 17583.969 -0.011
P(50) 48.5 17583.929 -0.009
PO(SO) 49.5 17583.891 -0.004
PO(SO) 50.5 17583.857 0.006
P,(36) 33.5 17516.249 0.004
P,(36) 34.5 17516.280 0.002
P,(36) 35.5 17516.310 -0.001
P,(36) 36.5 17516.339 ~-0.003
Py (45) 42.5 17503.069 -0.003
P, (45) 43.5 17503.105 -0.004
Py (45) 44 .5 17503.137 -0.007
P, (45) 45.5 17503.168 -0.012
P, (46) 43.5 17501.580 0.019
P, (46) 44 .5 17501.611 0.015
P, (46) 45.5 17501.644 0.012
P1(46) 46 .5 17501.676 0.009



Branch F Observed Obs~Calc
Pl(47) 44 .5 17500.043 0.007
Py(47) 45.5 17500.075 0.002
P1(47) 46 .5 17500.108 -0.001
P1(47) 47 .5 17500.139 ~-0.006
Py (50) 47.5 17495.434 0.017
P,(50) 48.5 17495.466 0.011
P, (50) 49.5 17495.500 0.008
Pl(SO) 50.5 17495.529 0.001
P,(51) 48.5 17493.870 0.008
P, (51) 49.5 17493.903 0.004
P;(51) 50.5 17493.939 0.003
Py(51) 51.5 17493.972 -0.001
P,(52) 49.5 17492.296 -0.002
P1(52) 50.5 17492.329 -0.006
P1(52) 51.5 17492.364 -0.009
P,(52) 52.5 17492.396 -0.014
Py (53) 50.5 17490.744 0.017
P,(53) 51.5 17490.778 0.013
P,(53) 52.5 17490.812 0.009
P;(53) 53.5 17490.844 0.005
P,(60) 57.5 17479.534 -0.005
P,(60) 58.5 17479.572 ~-0.007
P,(60) 59.5 17479.609 ~-0.009
?,(60) 60.5 17479.640 -0.016
P,(61) 58.5 17477.919 0.003
Py(61) 59.5 17477.955 -0.001
P,(61) 60.5 17477.992 -0.003
Py(61) 61.5 17478.026 -0.008
P,(62) 59.5 17476 .293 0.005
P,(62) 60.5 17476 .327 -0.001
P,(62) 61.5 17476 .364 -0.004
P,(62) 62.5 17476.397 ~-0.008

with

hyperfine

All energies are

unassigned

in cm

FI

1. Those tramnsitions

values have unresolved

splittings and are

weighted four

times greater than the resolved components.



Hyperfine splittings inm CuF b3ﬂ from IMF data?

Table 4.
Splitting Observed Obs-Calc Weight
Fy-1/2 F - Fy-1/2 F
Ro(11)
13 13 13 14 0.00191 ~-0.00009 400
12 13 13 13 0.01545 0.00037 583
12 12 12 13 0.00192 -0.00008 583
11 12 12 12 0.01446 0.00056 725
11 11 11 12 0.00214 0.00013 479
10 11 11 11 0.01269 0.00001 450
10 10 10 11 0.00224 0.00021 213
Ro(18)
20 20 20 21 0.00294 ~0.00002 725
19 20 20 20 0.02180 0.00013 926
19 19 19 20 0.00309 6.00012 1914
18 19 19 19 0.02149 0.00103 1235
18 18 18 19 0.00324 0.00027 1012
17 18 18 18 0.01941 0.00016 4900
17 17 17 18 0.00299 0.00000 1111
Rp(20)
22 22 22 23 0.00331 0.00010 672
21 22 22 22 0.02414 0.00080 378
21 21 21 22 0.00350 0.00029 196
20 21 21 21 0.02181 -0.00032 306
20 20 20 21 0.00367 0.00045 358
19 19 19 20 0.00321 -0.00002 625
Rp(28)
30 30 30 31 0.00421 0.00018 400
29 30 30 30 0.02708 -0.00204 291
29 29 29 30 0.00367 -0.00036 1012
28 29 29 29 0.02685 ~0.00106 851
28 28 28 29 0.00376 -0.00028 544
27 28 28 28 0.02622 -0.00048 510
27 27 27 28 0.00391 -0.00014 725



Splitting Observed Obs~Calc Weight
Fy-1/2 F - Fyj-1/2 F
P;(17)
14 15 14 14 0.00304 0.00044 306
15 15 14 15 0.01849 0.00044 358
15 16 15 15 0.00301 0.00043 253
16 16 15 16 0.01782 0.00033 253
16 17 16 16 0.00253 -0.00005 242
17 17 16 17 0.01814 0.00159 213
Py(25)
22 23 22 22 0.00362 0.00006 544
23 23 22 23 0.02285 -0.00046 1357
23 24 23 23 0.00372 0.00017 784
24 24 23 24 0.02373 0.00109 213
24 25 24 24 0.00355 0.00000 672
25 26 25 25 0.00354 0.00012 400
F1—1/2 - Fi-1/2
Q (19)
18 19 & 20 0.00248 0.00040 784
17 N 18 0.00409 0.00007 784
Ql(Zl)
20 21 & 22 0.00326 0.00050 162
19 20 0.00444 ~0.00003 71
Q1(27)
27 28 0.00157 -0.00025 2500
26 27 0.00359 -0.00027 1357
25 26 0.00545 -0.00026 672
Q; (33) =
33 34 0.00284 0.00002 1357
32 33 0.00492 ~-0.00002 851
31 32 0.00680 ~0.00006 510
2 All measurements are in cm l. The transitions without F

quantum

numbers contain

structure.

unresolved

fluorine

hyperfine
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able 6. Parameters for ®3CuF in v=0 of the b3n state?

TE = 17531.304(20)P roo= 0.320(19)
A = -413.166(10) B = 0.374763(5
103 ap = 0.632(17) 108 p = 0.5102(4)
A = -18.799(15) o = 320.0°¢
103 ap = -0.534(17) p = -0.600(19)
103 ¢ = 0.317(27)
Copper hyperfine
a = 0.0255(43) d = -0.0556(67)
bp = 0.1304(67) 103 eqp@ = -0.030(15)
¢ = 0.0064C eq,Q = 0.01615(81)
Fluorine hyperfine
a = 0.005(3) b +d = 0.00928(19)
8 The units for all parameters are cn” L.

The numbers 1in parentheses represent one standard
deviation of the least squares fit, in units of the last
quoted decimal place.

The values for o and ¢ are constrained in the least
squares fit,
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calculated by simply adding together the frequencies of thé
various transitions possible for each copper hyperfine
component and weighting them according to the calculated
strength for each fluorine component. To be strictly
accurate a lineshape should have been added to each
component and the peak of the convoluted line found, however
as all the components were very close together the result of
not including the convolution is likely to have been quite
small. The reproduction of all the other lines included is
fairly good, these were all assigned a weight of 1000 as ‘the
signal to noise of the measurements was poor and thus the
accuracy hard to estimate. It was not possible to assign
the one line which seemed to be reproducible in the 3Mi+ J=1
to J=2 MODOR spectrum.

The owverall standard deviation of the fit relative to

the experimental uncertainty was 1.195, which shows that the
data were not reproduced as well as was expected, but the
descrepancy 1is quite small and could well be due to over-—

estimating the accuracy of some of the experimental data.
As can be seen from table 6 it proved possible to determine
18 parameters from the fit, although two of them eqoll
and a for the fluorine nucleus, are only just determined,
due to a lack of data of sufficient accuracy concerning the
levels uwhere these parameters are most important. Table 6
also gives the correlation matrix, the problem of the very
high correlation between ¥ and p is reduced somewhat by the
inclusion of the hyperfine measurements, uwhich are affected
by the mixing of components caused by the spin-rotation and
lambda doubling, although it is still quite high. The only
other wvery large correlation is between be and d, this 1is
because while b+d is well determined, there is only a small
amount of data on b-d and hence this is only poorly

determined.
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5.5 Interpretation

Fine Structure

This investigation of the b3N-X1Z+ system of Cuf has
involuved only the v° = 0 ¢ v" = 0 vibrational band and hence
the constants determined for the upper state refer only to
v’ o= 0. To obtain equilibrium values it would be necessary
to fit some of the other vibrational bands using the 237
model . As these are much weaker than the (0,0) band i% is
unlikely that any transitions to the 3M2 component would be
observable.

Approximate wvalues, for the spin-orbit and spin—-spin
terms, may be calculated from a second order perturbation
treatment of the atomic spin-orbit interactions betuween the
different states arising from the ionic configuration, which
provides the main contribution to the 3N state. The

configuration involued
Cut(1s2,252,2p6,352,3p%,3d28,4s51 )F-(1s22522p6>

gives rise to six possible electronic states from the three
different types of 3d orbital, each one forming a singlet

and triplet combination with the 4s electron.

Cut(3dlé3n%6214slot 1) 34 and 14
Cut(3dl84n302]34slo1]) 3T and 1T
Cut(3dLé4ndotddslort ]) 3T+ and 1T+

The calculations were performed using the spin-orbit

Hamiltonian of Dufour et al (8), <the off diagonal elements
being

(3ZolZli.5:13M0-> = J(3/2 <

(1ZolCl .5, 13MMo-> = ~J(3/2 ¢

A gl s 13Ty > = =J(1/2 ¢
B 8T .s0 13400 (172 ¢

i
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bation theory.
It is also possible to make estimates of the two lambda
doubling parameters determined p and q. To second order in

perturbation theory there may be written as (19)
s
p = ~4 %\,Z,(Enﬂ~Enn)‘1(*) <n, A=LIBT (L)In",A"=0> 5.6
n v

xE <M ,A=01T,Cai 1) In, A=1><STITI(s ) LISOLS(S+1)(2S+1)]-1/2
1

S
Q=43 T (Enm-Ene)=1(=) 1<n,A=118T (LYIn" ,A=0>12 5.7
n v

The summations are performed over the vibrational levels o’
of 3T electronic states (n°) and s is even or odd for 3ZIt or
3L- states respectively. Although the experimentally
determined parameters contain contributions from third and
higher orders, it is expected that these terms provide the
dominant contributions. Several approximations are required
to make these expressions readily calculable. The averaging
over all vibrational levels is unlikely to effect the result
at the accuracy required, and the expectation values can be
fairly simply represented using the pure precession model
(29) for uwhich either the total L or partial 1 orbital
angular momentum is conserved. The only state producing
lambda doubling 1s the a3Zt state and as the orbitals
concerned have the n and 1 value as discussed above the

expectation values reduce to

~2-1/2B 302456t L+ In%0cldscld> = -2-172B8(1(1+1))172

H

~~3B

as 1 = 2 for a 3d electron

I

giving g = 12B2/(En~-Ex) 0.00057 cm-1?

The orbital terms for p also reduce to similar
expressions and the reduced spin matrix element is given by

Brown and Merer (19) as (3/2)172 giving

p = ~6aB/(En-Ex) = ~0.572 cm~—1
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with a =% = 7247.3 cm~1 from Dufour et al (8),. The

experimental values with 95% confidence limit are

p = ~-0.959 (4) cm-1? q = 0.00029 (6) cm—1t
which compare quite well especially p. The experimental
values although reasonably well determined are also quite

highly correlated and thus it is possible to make changes to
them provided compensating changes are made to the others,
however 1t 1is wunlikely that they are wrong by more ﬁhan
twice the error quoted above. Thus the discrepancy is
probably due to the approximations made in the calculations
together with the neglect of third and higher order contri-
butions.

The spin-rotation interaction ¥ can also be calculated
in a similar way and to second order has been shown by Brown

and Merer (19) to be given by

}’ = -—sz 508
when the only perturbing state is 3Z+. This gives
Y = 0.286 compared with ¥ = 0.31 (4) cm-1 from experiment

Again this 1is in wvery good agreement and as the two
experimental values agree with this formula,it shows that
any third order terms uwhich might cause deviation from this
relationship must be small, it also shouwus that other
electronic states do not make significant contributions to
these terms.

Although the fine structure constants have provided
some information on the nature of the orbitals involved 1In
the b3 state of Cufl, the hyperfine effects uhich are a more
precise probe of the nature of the electron distribution are
of rather more importance. As has been said before the main
contribution to the 23T state arises from the ionic

configuration Cu*t(3d84s1)F-(2p&) but there are also likely
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As the 3du electron gives rise to all of the orbital angular
momentum, 1t is not necessary in this case to divide by 2.
The angular expectation value for a 3d electron is

given (24) by

¢3dnl3cos26-113dn> = 5/2ﬂj]b;xC2oC2zd8d® S.14
- "5/2ﬂj]b21€20C21d9d®
= 10/2 2 <? > N = 2/7
£ 6-1)§ 66
This gives ¢ = 0.015 cm~1., But as this electron contributes

only half of the spin 1n the molecule the value should be

divided by 2 giving
c = 0.0075 cm—1?,

The value for {(sin28> may be calculated in the same way
to give <{sin28> = 4/7. The calculated value for d should

also be reduced by a factor of 2 giving
d = 0.015 cm-1.

It was not possible experimentally to determine all of the
parameters as the combination b+c produces effects only in
the 30z branch uwhere no hyperfine structure was observed.
Although the data were fitted to br with c constrained to an
estimated wvalue of 0.0064 cm-1, the determinable parameter

is b thus the three values found experimentally are

a = 0.027 (9)
= 0.131 (14)
d = -0.05%9 (14)

The nuclear spin orbit term which depends only on the
expectation wvalue of 1/r3 for the orbital motion of the
electron, is likely to be fairly well characterised by the
theoretical expression. Hence it can be used to obtain an

approximate value for the amount of i1onic character 1n the



Figure 13.

Computer simulation of the copper and fluorine
hyperfine structure in the 3ﬂ0+ sub-state. The
pattern was determined by evaluating the energy
levels using the parameters from the final
least squares fit of the experimental data, and
then subtracting the energies which result from
setting all the hyperfine parameters to zero.
The splittings for both nuclei increase slowly
from zero to reach a limiting value determined

by b + d.
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Figure 1l4.

Computer plot of the hyperfinme structure in the
3nl+ sub-state. The splitting starts off large
at low J, due to the nuclear spin-orbit term a,
becomes smaller and then splits again due to
b + d and b. The final splitting is slightly
smaller than in the 3n0+ sub-state because of
the term in b which couples the 3U1+ and 3ﬂ2+

sub-states.
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Figure 15.

Computer simulation of hyperfine structure in
the 3ﬂ1_ sub~state. As no fluorine splittings
were observed for this sub-~state, the
contributions due to the fluorine nucleus are
not included. While such effects may be quite
large at low J they decrease rapidly with
increasing J as the fluorine nucleus has no
electric quadrupole moment to give splittings
similar to those seen for copper at high J. The
four rotational lines observed are marked in
and it can be seen that the asymmetry shown in
figure 9 is correctly reproduced, together with
the two overlapping components for Q1(19)aud

Q1(21).
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Figure 16.

Hyperfine structure in the 3ﬂ1“ sub-state when
d for the copper nucleus is positive, b + d
being kept fixed to the experimentally
determined value. The obserxrved transitions are
marked in, and comparison with figure 9 shows
that this simulation bears no similarity to the

obgserved splittings.
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excited state as the predominant atomic configuration does
not contribute to this term.

This gives the ionic contribution as 78% but the error
is quite large due to the inaccuracy in the fitted value for
a. As was explained earlier it seems likely that the ionic
character of the excited state should be slightly greater
than the ground state and this i1s consistent with the wvalue
found in the a3&Zt state of 85% (6).

Assuming (0% 1onic character the d parameter is
calculated to be 0.012cm-1, but this is 1n total
disagreement with the experimentally determined wvalue of
~-0.059 cm~1. Initially it was thought that there must have
been some mistake, and the matrix elements were checked
carefully to make sure that the correct sign was being used
in the expressions. The actual parameters determined are
b+d and b-d, the former arising from the 3Mo+ and 3Mi-
results and the latter from the 3Mi- data. Figure 13 shows
the splitting of the hyperfine components in the 3Tlo+ state
with fluorine effects included, and figure 14 shows the
structure in the 3N+ state. It was perfectly possible to
reproduce the 3llo+ and 3Mi+ splittings with d positive,
simply by changing b, but this produced a large change 1in
b-d from the fitted value which altered the structure in the
3Mi- branch. The behaviour of the four copper hyperfine
components, ss J uariés, is shown in figure 15. The strong
asymmetry observed .in the IMF spectra of this branch is
clearly reproduced, ‘as is the over\apping of the two louwest
lying components at about J=20. This behaviour results from
a combination of three effects; the nuclear spin orbit term
which produces the louw J splitting; and the eq2Q and b-d
terms which lead to the asymmetry and spreading out of the
pattern of lines. If b-d is changed so as to give a
positive d wvalue then the behaviour is quite different

principally because the crossover of the four components no

longer occurs at low J. This is especially true of the
F = J+ 3/2 component uhich, as can be seen from figure 16
does not complete its crossing until after J = 50. Al

attempts at varying the value for eqzQ and b-d with d small
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and positive failed to give hyperfine structure which was in
any way similar to the observed splittings in the IMF lines.
Thus it must be ‘assumed that the value determined is
correct, but it is not easy to see houw it can arise. -The
value of <1/r3)spin 1s likely to be fairly similar to
{1/r3%0rbit which gives a satisfactory wvalue for a.
Similarly the value of <(sin28) must be positive hence the
expression for d cannot be a good representation of the
interaction actually occurring. This formulation is based
on a simple first order coupliﬁg between the nuclear and
electron spins however effects mimicking this can arise in
second order via spin-orbit coupling of the nuclear spin to
the electron orbital motion then to the electron spin angu-
lar momentum. This leads to mixing with other electronic
states arising from the Cut(3dS4s1)F-(2p®) configuration.
The calculations by Dufour et al (8) have already shown that
there is significant mixing between the different states.
Unfortunately no calculations have been made of the effect
of these terms on the hyperfine parameters. The contribution
of these terms to d must be large as the calculated value is
required to change from +0.012 to ~-0.059, 1ie they must be
six times greater than the first order effects. UWhile this
result i1s not particularly satisfactory in terms of the
simple model usually used to describe hyperfine effects, it
is useful in showing the limitations of the model and should
provide a good test of any calculations to higher order.

An experimental value for br can only be obtained by
-assuming a value for ¢, this was taken as 0.0064 cm~1, uwhile
fitting the data. However, second order effects uwhich
contribute to d are also likely to have a significant effect
on ¢, and this reduces the accuracy with uwhich br may be
estimated. Al though no evidence of hyperfine structure was
observed in the 312 branch while the recordings were being
made, it can be seen from figure 17 that the hyperfine
effects should produce some observable increase in
linewidth. Most of the lines in the 3Ma - 1Zt+ sub-system do
not have sufficient signal to noise for the linewidth to be

determined accurately houwever the sequence of lines shouwn in



Figure 17.

Approximation of the, so far unobserved,
hyperfine structure in the 3n2 sub-state. The
high J splitting, which is determined by b for
both nuclei is accurately predicted by the
results for the other sub-states. The large
splitting at low J in the simulation arises
from b+c and while for copper this term 1is
dominated by b, which is known, the fluorine
splitting is based wholely on calculated
parameters, and hence is highly speculative. It
is unfortunate that lines below J of 20 were
too weak to be observed for this sub~band , as
they would probably show copper hyperfine
structure, at Doppler-limited resolution, and
hence give a value for the spin dipolar

parameter c.
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figure 6 were sufficiently strong to allow a reasonable
determination. The measured linewidths for selected lines

in this region (in GHz) are

Q2(58) 1.79
Q2(55) 1.77
Q=2(52) 1.83
Q2049) 1.93
Q=2046) 1.97

To obtain an accurate estimate of the wvariation of
linewidth with b+c a program was written to convolute the
components assuming a Gaussian lineshape with a Doppler FUWHM
of 1.02 GHz. The set of best fit parameters gave a FUHM for
Q2(50) of 1.63 GHz, wvarying only slightly with J. A value
of 0.19 c¢m~1 for b+c was required to produce a linewidth
comparable to those determined from the spectra. However
there 1is an additional contribution to the lineshape from
the ©6S5CuF isotopic species. The lines from this must lie
under the observed signals as they are not visible in the
spectrum, and are probably the cause of the rather large
variation in the measured linewidth with J, as their
positions change relative to the main lines. Thus it is not
possible to obtain an accurate value for b+tc from these
calculations but a range within which it must lie can be
estimated. Taking the measured value of b = 0.131 ecm-1, ¢
must be small and positive with a minimum of about
0.01 cm~1, and a maximum of about 0.04 cm-1, These values
correspond to br = 0.135 cm-1 and 0.145 cm-1 respectively.

The calculated br for one electron in a copper atom 4s
orbital is 0.095 cm-1, but the value for CuF is likely to be
somewhat greater as the main configuration is 1ionic, and
the greater effective charge is likely to result in a higher
spin density at the nucleus. A reasonable value is probably
about 0.11 cm~1 which is in agreement with the result for
the a3Z+ state of 0.108 cm-1, the discrepancy may result
from the fairly poor accuracy with uwhich b=d 1s determined

from the 3Mi- sub-band although this is unlikely to account
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for all of the error.
The quadrupole constants are even harder to estimate

accurately than the magnetic hyperfine parameters as they

depend on all the electrons in the molecule not Just the
valence electrons. However the effects due to unpaired
electrons very often predominate, and these are also
somewhat easier to estimate. In the ground state of CuF the

value of eqoll 1s 22 MHz (16) and as there are no unpaired
electrons which can contribute to this, 1t provides a
reasonable estimate of the effects due to the distortion of
the closed shells of electrons aroynd the nucleus, and the
charge distribution due to the fluorine nucleus. The
experimentally determined quadrupole constants in the 37

state are

eqol = -9 (9) MH=z
445 (43) MHz

1

eq=2Q

The change in eqol can be interpreted as due mainly to the
presence of an unpaired 3dn electron, which assuming the
other effects remain the same, a somewhat risky assumption
as the effect of promoting an electron from the 3d orbital
to the 4s is likely to change the shape of the electron
distribution, should contribute about -30 MHz to eqoQ. To a

first approximation eqolQ is given (23) by

eqoQ = eQC21(1+1)/(21-1)(21+3)2e<1/r3> 5.15

Taking Q = -0.18%x10-28 n2 (25) and <1/r3> from the magnetic

hyperfine calculations gives

eqoll = —-180 MH=z

This 1s somewhat larger than expected but considering the

approximations necessary 1s not unreasonable, Similar

calculations for eqa20 give

eqz2Q = -360 MHz
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which 1s 1in total disagreement. Houweuver this depends on
{sin26> and as has been seen for d, the calculated wvalues
dependent on this term for a 3dn electron are rather
inaccurate. The fact that the same disagreement occurs for
both of the values dependent on <sin28)> implies a common
cause for the problem.

Interpretation of the F hyperfine parameters is
somewhat difficu]t as experimentally only a and b+d could be

determined, the values being

a = 0.003 (6) cm—1
b+d 0.00926 (40) cm—1

i

Using the wvalue for <1/r3> from Ayscough (26) gives
a = 0.059 cm~1 for a single electron in a F(2pn) orbital.
As only the atomic configuration contributes to this term,
it suggests only about 10% covalent character, houwever the
rather large error on this value means that it 1is not
inconsistent with the previously estimated 22% covalent
contribution. To obtain anything from the other parameter
combination it is necessary to assume the calculated values
for <3co0s26-1> and <sin28> of -2/5 and 4/5 respectively.

These give ¢ and d as follows, assuming 22% covalent

character
c = -0.007 cm—1
d = 0.014 cm~-1
Taking these values gives br small and negative, but if say

10% cowvalent character were taken then be would be small and
positive. Hence 1t 1s not possible to make any sensible

estimate of the individual parameters making up b+d.



5.6 Conclusion

Despite the transition involued being singlet-triplet
and thus guite strongly forbidden it has proved fairly easy
to measure LIF transitions for CuF 37 - X1Z+ uith very good
signal to noise. It has also been possible to observe
double resonance and saturation signals which require much
stronger optical transitions. This is an indication of the
very high sensitivity which can be achieved using fluor-
escence detection. The observation of the strongly
forbidden 49 = 2 3Ma - 1¥+ sub-band has resulted in a
conclusive assignment of this system. It has proved
possible to reproduce all the observed structure in the
spectra and obtain from this a set of effective Hamiltonian
parameters. Unfortunately it has not been possible to
interpret all of these in terms of the electronic config-
urations which may contribute to the b3M state.

Although this study has been fairly extensive, covering
both fine and hyperfine structure in five of the six sub-
bands there still remains some work to do. All the measure-
ments possible with the current laser system have been made
and any further experiments would require the additional
power available from a2 ring dye laser, about 1 UWatt or
greater in this frequency region. This .would make obseruv-
ation of the 3Mo- - 1Z+ sub-band quite easy and would allow
extension of the 3Tz measurements to lower rotational
levels, possibly resulting in the resolution of copper
hyperfine effects from under the Doppler profile. Double
resonance and IMF experiments because of their requirement
for at least partial saturation tend to increase in signal
to noise at a rate, at least linear i1n laser power. This

would make possible the observation of IMF signals at much

lower J than before, yielding additional information on the
hyperfine structure, and similarly MOOR signals, previously
observed with great difficulty or not at all, would become

quite strong and allow the determination of both fluorine
and copper hyperfine effects for the first rotational levels

in the € = 1+ and 1- sub-levels.
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Together these results would lead to a full set of
hyperfine parameters for both nuclei and would hopefully
remove the ambiguities in the current measurements. More
extensive theoretical calculations both on CuF and the
nature of hyperfine effects are clearly required in order to

explain fully the effects seen so far.
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Chapter 6 The X201 and A24 states of CH

6.1 Introduction

There has been much interest in the CH free radical in
recent years particularly in the nature of the lambda
doubling and hyperfine effects in the ground X2 state.
Initially the only information available was the optical
spectrum obtained at moderate resolution from grating
spectrographic studies. The fTirst measurements were by Gero
(1) in 1941 of the A24 - X2U band at 431.5 nm and although
not particularly accurate they were useful in the present
work as an indication of uhere to look for each line.
Subsequent work was carried out by Keiss and Broida (2) on
the (0,1) and (1,2) bands of the A24 - X2W system and by
Herzberg and Johns (3) on transitions involving the higher
electronic states. The (0,0) band of the A24 - X2M system
was rémeasured by Douglas and Elliott (4) in order to obtain
improved ground state term values.

The main reason for this great interest was the
possibility of detecting CH in astrophysical sources. The
lambda doubling in the louwest Fa J=% level was estimated at
about 3.4 GHz, a readily accessible freguency for inter-
stellar microwave detection. The first direct ground state’
measurements in CH were made by Evenson et al (5) in 1971
using the technique of far infrared laser magnetic resonance
but this involuved excited rotational levels and thus gave
little improvement in accuracy for the 3.4 GHz transition.
However, before more direct laboratory measurements could be
made, the three hyperfine components of the 3.4 GHz 1lambda

doubling transition were observed in interstellar gas clouds

(6,7). Subsequent attempts to observe rotationally excited
CH have been unsuccessful, and further laboratory measure-
ments of ground state transitions have been attempted, 1in

order to obtain better predictions for the lambda doubling
splittings in the higher levels. These astronomical obser-—
vations are important as they would give valuable

information on the extent of rotational excitation of the
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molecule in different environments. All attempts to observe
the direct microwave spectrum have proved unsuccessful but
several additional far-infrared LMR transitions have been
observed (8,9) covering most of the low rotational levels
and these were used to obtain predictions for the lambda
doubling frequencies (10), good to a feuw MH=z.

Although previous attempts to measure the ground state
microwave spectrum had proved unsuccessful 1t was hoped that
the greatly increased sensitivity of microwave optical
double resonance (MODR) would make these signals quite easy
to record. The LMR experiments had shown that CH could be
produced in quite high concentration from the reaction
between fluorine atoms and methane, and this was the method
used in the present study. The laser induced fluorescence
spectrum was recorded at the 1 cm-1 resolution obtainable
from the dye laser uwhen operated without intracavity etalons
and the fluorescence found to be very strong, easily visible
by eye. When the strong lines were examined at Doppler-
limited resolution (FWHM = 2.5 GHz) they were found to have
an almost immeasurably high signal to noise of at least
10000 to 1. To obtain accurate measurement of the dye laser
frequency a heated tellurium cell was constructed to use in
relation to the published atlas.

Due to the very strong optical transitions we were able
to make the first laboratory recordings of the ground state
microwave spectrum reasonably easily. A total of 18
transitions (11) in the N = 2,3 and 4 rotational levels were
observed and these measurements accurate to about 0.1 MHz
should prove very useful in future astronomical searches as
they provide an improvement of more than an order of
magnitude in accuracy over the previous indirect predic-—
tions. This data together with the astronomical lines and
the lambda doubling spectra of higher rotational levels
obtained by Bogey et al (12) were fitted to an esixting 20
program and an improved set of lambda doubling and hyperfine
constants obtained.

Uhile the measurement of the microwave spectrum was the

initial aim of this work, we were also interested 1in
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obtaining i1nformation on the A24 state, about uhich little
was known. The optical spectrum was recorded using IMF in
order to resolve the hyperfine structure obscured below the
Doppler profile. The observed doublet splittings were used
to obtain a set of excited state hyperfine constants uwhich
are interpreted in terms of the possible electronic config-
urations leading to a 24 state. The 75 MHz free spectral
range etalon used for measuring splittings was recalibrated
by comparing IMF measurements of the lowest lambda doublets
uéth those obtained from MODOR. This value assumes negligible
(less than S MHz) contribution due to lambda doubling in the
24 state. Calculations showed that this was reasonable for
the lowest rotational levels but that at higher N the
splitting would tend to increase rapidly reaching about
100 MHz at N=10.The usual method of measuring LIF signals,
by interpolating between lines in the reference spectrum was
found to be of insufficient accuracy for the determination
of this effect. A system of measurement using the 75 MHz
fringes was developed with the data recorded wusing a
computer. A program was written to record the data and
display the spectrum on the screen. Once the peaks to be
measured were selected the frequency was then calculated by
the computer using the fringes and the supplied Tez
frequency. This resulted in much more accurate values for

the line positions typically #0.001 cm~1! rather than

*0.005 cm—1 . As the upper state lambda doubling increases
as N4, the very highest lines observable were measured to
produce the maximum effect. Fortunately the ground state

microwave measurements went to sufficiently high N to allow
the determination of both first and second centrifugal
distortion corrections to p and g and thus allow an accurate
calculation of the predominant ground state contribution.
When these were removed a set of upper state values shouing
a just significant splitting were obtained. Fitting of this
‘data gave a value for the g parameter but p was not deter-—

minable.
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An MODR experiment 1in the excited state was also
performed in the hope of observing effects due to the lambda
doubling, this 1involued a spin rotation transition but
unfortunately no significant effects were obtained.

The remainder of this chapter consists of the experi-
mental details and then separate sections on the ground and
excited state measurements and analysis.

While this chapter was being written we learned of the
first astrophysical observations of rotationally excited CH
(13), the measured frequencies agreed with our calculations
to within 10 kHz which gives an indication of the very high
precision of these calculations. This also implies that more
high N CH lines should be seen in the near future yielding
important information on the extent of rotational excitation

of CH in interstellar sources.



Figure 1.

Schematic of the apparatus used for production
of CH. A mixture of 2% F,/He was passed through
a microwave discharge to produce fluorine atoms
which yielded CH from methane by succesive
abstraction of protons. The laser beam was
passed down the centre of the quartz reaction
tube entering and exiting through Brewster”s
angle windows, and 3mm diameter apertures to

reduce the amount of scattered light.
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Figure 2.

Light collection scheme for the CH cell. Due to
the large amount of chemilumenescence from the
reaction, it was necessary to use a system of
lenses and s8lits in order to preferentially
image the laser induced fluorescence onto the
detector. For MODR measurements the microwave
radiation was emitted from & piece of waveguide

butted against the side of the cell,.
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Figure 3.

Schematic of the set-up for absolute frequency
calibration by simultaneous recording of the
spectrum of 130Te2 The laser beam was split
into two roughly equal components, one of which
passed through the cell containing tellurium at
510°C. A differential amplifier was used to
reduce effects due to laser power variation and
the signal quality was alsce improved by
chopping the laser beam and using a lock~in

amplifier.
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ature. The rate of heating could be varied by adjusting the
voltage across the tape via a variac transformer, but once
the correct temperature had been reached, it remained fairly
steady without any electronic control of the heating through
monitoring of the thermocouple.

To overcome the problem of laser power variation 1t was
decided to use a difference amplifier and two laser beams,
one passing through the cell, as shown in figure 3. The
signal was monitored using photomultiplier tubes so only a
very low power was required, this wvas about 50 ualWatts in
each beam, obtained by using the reflection off two succes-
sive glass plates, the radiation was passed through a beam

splitter, and short focus lenses used to spread out the

laser light before the detectors. Amplitude modulation and
a lock-in amplifier were used to improve the signal to
noise. The temperature, as measured by the thermocouple wuas

varied until a good reproduction of the spectra in the atlas

was obtained. Under these conditions signals with wvery
little noise, and matching the atlas quite closely could be
obtained.

When spectra with three tellurium lines were checked,
it was found that the frequency sweep of the dye-laser was
not particularly linear, this is a more serious problem uhen
using the tellurium atlas as only 2 lines per c¢cm~1 are
measured compared with 4.5 lines per cm™* for the iodine
atlas. As a consequence only about two thirds of the lines
in the CH spectrum could be measured by interpolation and
for many of these the error was rather large as they lay
some distance from tellerium lines, increasing the non-
linearity error. Clearly the best way to overcome this

problem would be to use the 75 MHz etalon to interpolate

between the CH line and a tellerium line, also, as only one
Tez line would be required per spectrum, virtually every
line would be measurable. This method requires a three

channel recorder and as the chart recorder was only two
channel, it was decided to use the computer controlled data
acquisition interface. A fairly rapid rate of recording was

required in order to obtain a reasonable number, greater
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than 10, of readings for each peak from the interferometer.
A speed of about 1000 readings per second uwith the
interferometer being recorded twice for each of the CH and
Te2 measurements, was found to be sufficient. To record a
line the laser scan is adjusted to cover the required CH and
Tea peaks and a single scan initiated at the same time as
the data recording. The tuwo spectra are then displayed on

the computer screen.

Measurement of the position of the CH line is done by

the computer. First the approximate peak of the signal is
selected by moving the cursor onto 1it, from this the
computer obtains a first estimate for the linewidth and
intensity, as the baseline 1is not always zero it 1is

necessary to select a sample of this in order to obtain a
proper representation of the peak. The true line position
is obtained by fitting the points on the top half of the
peak to a Gaussian function, using a least squares routine.
The top of the recalculated curve is taken as the peak
centre, not the parameter for this returned from the fit.
This 1is likely to give a more correct value, especially 1°f
the initial guess 1s not very good. The same procedure 1is
then repeated to find the centre of the tellurium line. The
fringes are counted by finding the turning points at the
peaks of the lines, to avoid counting noise between the
peaks the signal is only checked from just before uhere the
top of the peak is expected. If the successive spacings do
not agree to within about 15% then a laser “mode-hop  is
assumed to have occurred and the recording repeated. The
frequency of the CH line is calculated knowing the fringe
spacing and the tellurium frequency and if a hard copy 1is
required the spectrum may be output on a plotter. A typical
recording, with a CH rotational line, tellurium spectrum and
fringes is shown in figure 4.

Spectra of the strongest lines for CH were recorded
using intermodulated fluorescence, the experimental details
of uwhich wuwere described in chapter 3. The signals were
quite easy to record once good overlap of the laser beams

had been obtained. Only the splittings between the lines



Figure 4.

The R, (6) line of the (0,0) band of the A2y -
x2n system of CH recorded by computer. The
three channels are the CH signal which contains
only one line R,.(6), the absolute frequency
calibration spectrum of Te, which contains one
measured line, and the 75 MHz fringes which
make it possible to interpolate between the
tellurium and CH spectra. This spectrum was
measured by the computer and plotted out with
the line centres marked as shown, together with
the calculated frequency for the CH tramsition

in cm”l.












Figure 5.

Schematic of the set-up required for computer
recording of MODR spectra. The radiationm of
interest 1is locked to a stabilised low
frequency source by a8 synchroniser. The
spectrum is recorded by driving the low
frequency stabiliser using the D/A output from
the computer interface. After each adjustment
the frequency can be counted and a series of

measurements from the lock~in amplifier taken.
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Table 1. Etalon calibration
No. of fringes Splitting Etalon spacing
(MHzZ) (MHz)

Rl(l)

17 - 1t 9.64(6)8 724.789 75.19(47)
27 - 2% 9.34(7) 701.677 75.10(56)
Ro(1)

17 - 1t 44.39(8) 3335.481 75.14(14)
o- - ot 43.68(8) 3277.506 75.03(14)

8 The figures in parentheses are the estimated errors in
units of the last quoted decimal place.

Weighted mean etalon spacing =

75.09(10) MHz






Figure 6. The N = 3, J = 5/2 lambda doubling transition
of the CH radical. The protomn hyperfine
structure 1s labeled by the value of the

quantum number F involved.
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6.4 The microwave spectrum of CH

Observations

Due to the very strong optical signal obtained we were
confident of making the first laboratory observation of the
ground state microwave spectrum of CH. UWhen the laser was
tuned to one of the N=3, J=3% components and the microwaves
scanned across the predicted frequency a very strong signal
was immediately found. A total of 18 transitions between

five pairs of lambda doublets in the N = 2,3 and 4 rotat-

ional levels of CH were measured. The spectrum usually
consisted of four lines, two strong ones in the centre with
weaker satellite lines on each side. This structure is due
to proton (I = %) hyperfine effects, the centre lines being

the AF = 0 components and the outer ones AF = *1. A typical
example of this pattern for the F2 levels is shown 1n figure
6. The weak lines appear much stronger, than expected
relative to the centre pair. This 1s because high microwave

power was needed to observe the satellite lines and this

caused power broadening of the other transitions. The
satellite lines were much closer in the Fi spectra and for
the N=2 level it was not possible to measure them. A list
of the experimental measurements, together with their

assignments, is given ir table 2.

The signal to noise ratio for the observed transitions
was very high, typically 100 to 1 or greater for the main
components and at least 10 to 1 for the others. This meant
that the centre of the line could be picked to aquite high
precision, increasing the accuracy of the results. All the
transitions observed were immediately assigned as they uwere
close to the positions predicted by Brown and Evenson (10).
The Fa2 N=4 lines were quite some way out however, probably
due to a lack of data from the LMR measurements on these

levels together with a since corrected misassignment in the

spectra.



Table 2. Lambda doubling transition frequencies in CH XZ1

Transition Frequency Obs~Calc
(MHz) (kHz)
J F
3/2 2 - 2° 701.677(7)2b 0.9
1= -1t 724.789(7)P -2.5
1/2 0- - 1%t 3263.794(3)°¢ -0.1
1~ - 1*t 3335.481(2)°¢ 0.2
1”7 - ot 3349.193(3)°¢ -0.1
5/2 3t - 3” 4847 .84(20) 76.8
2% - 27 4870.12(20) 59.1
3/2 1t - 27 7274.78(15) -280
1* - 17 7325.15(15) -60.1
2t - 2~ 7348.28(15) -142
2t - 1T 7398.38(15) ~193
7/2 4~ - 3% 11250.79(50) -25.9
4~ - 4% 11265.21(15) 231
37 - 3% 11287.05(15) 74.6
37 - 4t 11301.22(20) 29.3
5/2 27 - 3% 14713.78(15) 91.6
27 - 2t 14756 .81(15) 129
37 - 3% 14778.97(20) -3.5
37 - 2% 14821.88(15) -85.6
7/2 3t - 4~ 24381.57(40) 246
3t - 3”7 24420.65(10) 3.8
4t - 4~ 24442,56(10) ~16.5
4% - 3”7 24482.1Q(20) 202
13/2 7t - 7”7 43851.026(30)° ~-10
67 - 6~ 43872.591(30)¢ -9.6
11/2 5 - 57 50299.750(20)¢ 1.8
6t - 6~ 50321.276(20)¢ -2.9
15/2 8~ - 87t 58986.633(20)¢ 1.4
77 - 717 59008.076(20)¢ 6.6
13/2 6~ - 6% 66400.098(30)¢ -0.8
77 - 7% 66421.466(30)¢ 1.6
17/2 9%t - 9~ 76147.336(30)¢ -1.7
g8t - 8~ 76168.632(50)¢€ -8.4

The numbers in parentheses represent one standard error
estimates, in units of the last quoted decimal place.

Astronomical measurement by Ziurys (13).
Astronomical measurement by Rydbeck et al (6).

Partially resolved satellite line.
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Fit of the Data

The observed transitions give i1nformation only on the
lambda doubling and hyperfine parameters, and to fit them it
was necessary to constrain the fine structure parameters,
the values chosen were from the LMR measurements (9). Uhile
the data was being fitted, it was learned that several
higher N, lambda doubling transitions had been measured by
Bogey et al (12) and these were included in the fit,
together with the astrophysically observed lines (6,7). The
preferred N2 version of the Hamiltonian (17) was used, this
has been described in chapter 2. The X201 state of CH is a
very good example of Hund's case b coupling with A=x2B and
the energies are given by BN(N+1) each level being split
into a spin—rotation doublet with J = Nik. As a result of
this 1t was decided to determine the parameter combinations
appropriate for case b, that is p and g rather than the case
a combinations p + 29 and g. The data were weighted in the
fit according to the inverse square of the experimental
error, these values are given in table 2.

Initially the lambda doubling frequencies were Fitted
with the fine and rotational structure parameters
constrained to the values given by Broun and Evenson (9).
These numbers were changed slightly when a misassignment,
which bhad resulted in a rather poor quality of fit for the
LMR data, was corrected. As the lambda doubling and
hyperfine parameters were determined to much greater
precision from the microwave data, it was decided to refit
the (MR results with these parameters constrained to the
values from the microwave fit. Finally the lambda doubling

measurements were refitted using the new LMR parameters, the

changes were sufficiently small that it was not considered
necessary to continue the process any further. The
parameters from these final fits are shown in table 3. It

was possible to determine most of the fine and rotational
structure parameters, but the value for H had to be
calculated as the measurements did not go to sufficiently

high N to allow 1ts evaluation. The expression used to
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evaluate H was
Ho * He = 2/3D.(12(B./w.)2—a./w¢) 6.1

where the subscript e denotes an equilibrium value and we
and «e are the harmonic wvibrational frequency and the
anharmonic correction to the rotational constant, respect-—
ively. The calculated g factors are explained in ref 9.

To correctly fit the lambda doubling measurements, it
was necessary to include higher order hyperfine contri-
butions. The origin of these terms 1in the molecular
Hamiltonian has been described by Brown et al (18) uhen
discussing the OH molecule. They give a total of five
parameters Ci, C:, co, cb and dé of which only three are
usually, separately determinable, in the case of OH it was
decided to use Ci, C% and do. The first two are nuclear
spin rotation interactions, Ci1 being diagonal in A uhile Ct
is a lambda doubling type term. de is also lambda doubling
and represents the centrifugal distortion correction to d.
In the case of CH it was not possible to determine Ci,
however the other two were both determinable, the inc]gsion
of do gave a significant improvement in the fit. The value
of d is determined by the splitting of the main components
in each set of microwave transitions and hence 1s very
accurately determined over a wide range of N values. In
particular the astrophysical measurements, being of such
great precision tend to tie down d and any variation from
the splitting, given by this value, at higher N leads to the
determination of higher order hyperfine contrbutions. . Hence
only the lambda-doubling higher order terms, Ci and do,
could be determined. A total of six lambda-doubling
parameters (p, po, PH, 4Q, qo, and qm) were also required.
The owverall quality of fit for the LMR data of 0.94 wuas
quite good while the microwave measurements were over
determined slightly with a standard deviation for the fit of
0.79. The quality of fit relative to experimental error was
about the same for each of the three sets of microwave data.

While this chapter was being written we learned of the
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first astrophysical observations of rotationally excited CH
(13). The tuwo 4F=0 components of the N=1 J=1% lambda doubling
transition at about 780 MHz were seen and the assignment
confirmed by reference to the fregquencies calculated from
the constants derived here. The discrepancies betueen the
observed frequencies and the extrapolated ones were only
8 kHz and 3 kHz for the two lines, the estimated exper-
imental precision being 7 kHz. The very good match achieved
indicates that the freguencies for the other rotationally
excited lambda doubling transitions should be accurate to
about 10 kHz and this should lead to further interstellar
observations of CH in its higher rotational levels. The neuw
astrophysical frequencies were included in the final fit of
the microwave measurements, but as they were so close to the
predicted positions they made little difference to the

constants, except for increasing the accuracies slightly.
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Figure 7.

The (0,0) band of the A24 - XZMsystem of CH
recorded by operating the dye—lasér broadband
and tuning the birefringent filter, the
resolution is about 1 cm~Y. The sloping
baseline is caused by scattered light, which
falls off as the edge of the laser gain curve
is reached at the high frequency end of the

spectrum.
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6.6 The A24 State of CH

Observations

Both the X2T and A24 states of CH are close to the
Hund’ s case b coupling scheme that is AX2B. As a result the
energy levels in both molecules are well represented by the
formula BN(N+1) uhere N can take the values A, A+1,... .
thus the X2TT state begins at N=1 and the A24 state at N=2.

The rotational levels are in each case split in two by spin-
rotation mixing, each of these levels then exhibiting a
lambda doubling splitting also. The result of this is a

fairly simple spectrum, as can be seen from figure 7, uwhich
was recorded by scanning the dye-laser broadband, the
linewidth being about 1 cm~1. The pattern consists of P, Q
and R branches with each N rotational transition split into
four by the spin-rotation and lambda doubling interactions.
A feu weak transitions at low N for which AN = 4J can be
seen near the beginning of the R branch, similar lines occur
near the beginning of the Q branch but are obscured by the
strong 4N = 4J structure. The R branch is by far the
strongest with the P branch very weak. When observed at
Doppler-limited resolution the width of the lines (FWHM) 1is
2.5 GHz and this corresponds to a translational temperature
for the molecules of 320 K. The rotational constant for CH
at 14 cm-1 is quite high and thus the strongest lines occur

at wvery louw N, the intensity falling off very rapidly, so

that lines beyond N=7 for the ground state are not wvisible
in the lou resolution spectrum. The sloping baseline i1s due
to the fall-off in laser scatter noise as the output power

of the dye laser dropped, this makes the change in intensity
with N 1n the R branch appear someuwhat greater than 1t
really i1s, lasing having stopped completely after R(6), with
the result that the higher N lines could not be seen. This
spectrum was recorded with a set of laser mirrors designed
for operation at the green end of Stilbene 3 dye, a set of
optics for use in the violet part of the output from the dye

were acquired later so that the higher R branch lines could
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be observed.

With the dye laser operating single frequency the (0,0)
band of the A24 - X211 system was recorded at Ooppler—limited
resolution (FWHM = 2.5 GHz). This uwas done by interpolafion
between pairs of tellurium lines with the result that only
about two thirds of the rotational lines could be recorded.
With the improved signal to noise in these recordings, it

was possible to record transitions involuing upto N=10 in

the ground state. While these measurements were good enough
to give much i1mproved fine structure and rotational
constants for the A24 state, the average measurement error
of 0.005 cm~1 = 150 MHz was not sufficient for the other

main purpose, determining the extent of lambda doubling in
the excited state. This had been predicted to reach about
100 MHz by N=10 requiring a measurement accuracy of about
S0 MHz for the determination to be significant, the computer
recording method uwas designed to overcome this problem. All
of the observable lines with N=7 or greater in the excited
state were recorded at this improved accuracy, the measure-
ment error being about 30 MH=z. A total of 40 lines, spread
throughout the different branches, were recorded by this
method. Tuo overlapped lines Q:1¢(7) and Q2¢(7) were
deconvoluted by fitting to a Gaussian function for each, the
resulting frequencies agree well with the other measure-
ments. The frequencies of the Doppler-limited observations
are given 1in table 4, the estimated errors are also
included.

Those rotational lines uwhich wvere sufficiently intense
vere recorded using IMF, these were the first four N levels
in the Q and R branches giving a possible total of 32 lines
of uhich 28 were actually measured. Table S shows the
observed IMF splittings in MHz together uwith the estimated
measurement errors, the final column shous the effect of
subtracting off the ground state contribution. For the

higher rotational leuels the spectra consisted of just two



*3087d TRWTOap pajonb 3se] BY3l JO s3ITUN UT ‘JUBWAINGBIW JO 5I0IX3 DPIIBWIILI Syl 9IB sasayjusied ur 831n817 ayg

B

(01)s9L6° 02

(01)8566° %7

(91)6686° 67T (TT)61T6°617 11
(01)e681°¢1 (TT)9ev1° 91 (91)1£499°81
(91)09L¢*L12Z (91)9€€8° 626 (91)€T9z°T1C (TTY9y6 L 4TS 01
(91)S16€°90 (TT)T889° 16 (0T)689€°80 (91)8€8L°€6
(TT)1900° 266 (0T)TE¥8°60C (9T)ESLT " G6Y (1€)€981° 60T (91)6T09°06% 6
(01)¥881°0L6 (01)8£07°00 (TT)T19%0° 8¢ (9T) LSET°TL (01)Z19Z"° 10T (91)LL61°66
(91)0L20° €07 (91)6%98°09% (0T)T1965°896 (91)6869°96% 8
(0T)S6EL" Y6 (0T)LEY8 ¥6
(81)7960°666 (TTHERS6° 961 (0T)81L6°9C% (06)6158° 0667 (0T)%%L8°T61 (01)L€00°€2Y L
(91)6668° 16 (TT)89%H ST (06)7971°68 (91)T6%1° 16
(0T)%691°81 (0T)6696°€6¢€ (0L)86566° €10 (1$)0899° (871 (91)1.489°68¢ 9
(6ST)096T" 1% (6%)ELHYST6GE
(¥8)TTLE"THO (TT1)T8%T° L81 (SE)THG6° LED S
(0L)€T06°99 (78)9€%6° 781 (§2)8108" LT (0L£)809L°6LT (81)Z8%8° %7
(SE)T1C9°8Z¢ (06)0TTL°290¢T (6%)4%981"%2¢ %
(0T)T6H6° €6 (LST)0T1€0° 9L
(TT)ETYY H60ET (91)986€" L6TET (6Y)L999°GLT (122)T170°262€C €
(STHHTSH° 08 (6%)898%°#L (62)018L°TL
(0L)SH0L 081€TL (6¥)9LTEWLIET g (0%)9066°TZL1¢€T A

1

1B2TIpBI HH 3Yl JO UOTITSUBRI] tuanwd 3yl 30 pueq (0°Q) 34yl ur SsUIT JO AH:EUV SI9qUNU3ABA DPIINSEBIY ‘4 ITQEB]



Table 5. Hyperfine splittings for CH AZ4 - in

from IMF measurements

Line Measured splitting Observed value Observed-
(MHEZ) Ground state
Ry (1) (3% - 27) - (2% - 17) 463.8(10)% 443.3
Rye(1) (37 - 2%) - (27 - 1% 441.6(30) bbb 2
Ryo(2) (47 = 3%) - (37 - 2%) 406.5(19) 397.5
Ryeo(3) (5% = 47) - (4% - 37) 404.7(30) 368.6
Ryg(3) (57 = &%) - (47 - 3%) 383.8(15) 369.8
Ry, (4) (67 = 5¥) - (57 - &™) 394.9(15) 356.0
Ryg(4) (6% - 57) = (5% - 47) 376.1(23) 359.2
Q¢ (2) (37 - 3%) - (27 - 2%) 480.8(12) 449.3
Q;¢(2) (3% - 37) - (2% - 27) 464.3(12) 455.3
Q1 (3) (4% = 47) - (3% - 37) 437.5(14) 401.4
Q£(3) (47 = &%) - (37 - 3%) 415.4(20) 401 .4
Q£ (5) (67 - 67) - (57 - 5%) 381.3(20) 362.5
Ryo (1) (17 = 0%) - (27 - 1%) 173.9(40) 160.2
Ryg (1) (1" - 07) - (2% - 17) 226.9(40) 155.2
Ry (2) (2% - 17) - (3% - 27) 232.3(14) 182.2
Ryg(2) (27 - 1%) - (37 - 2%) 257.2(14) 183.8
Rye(3) - (37 - 2%) - (47 - 3%) 247.7(11) 204.8
Rye(3) (3% - 27) - (4* - 37) 267.9(24) 202.6
Ryo(4) (4% = 37) - (5% - 47) 257.6(23) 218.4
R,p(4) (47 = 3%) - (57 - 4% 277.2(22) 215.9
Q9¢(2) (1" - 17) - (2* - 27) 209.5(40) 159 .4
Qys(2) (17 - 1% - (27 - 2%) 236.8(50) 163 .4
Q. (3) (27 - 2%) - (37 - 3%) 229.0(25) 186.1
Qy£(3) (2% - 27) - (3% - 37) 247.7(30) 182.4
Qg (4) (3% - 37) - &* - 47) 242.7(17) 203.5
Q,¢(4) (37 = 3%) - (47 - 4™) 264.3(22) 203.0
Qe (5) (47 - &%) - (57 - 5%) 252.5(30) 215.6
Q,¢(5) (4% - 47) - (5% - 57) 275.7(30) 216.8

a Figures in parentheses represent the estimated measurement

error, in units of the last quoted decimal place.



Figure 8.

Hyperfine structure on the Q;¢(3) line of CH,
recorded by the technique of intermodulated
fluorescence. The transitions are labeled by
the values of the quantum numbers F and F°. The
splitting arises primarily £from proton
hyperfine structure in the A2 state but also

contains a small ground state contribution.
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Figure 9.

Cross-over signals observed for the R,(1) lines
of the A24 - X?Msystem of CH. The main
components 1 - 0 and 2 - 1 show the normal
intensity variation for very low F tramsitions,
which makes determination of the sign of the
hyperfine constants possible. For sz(l) the
weak satellite 1 - 1 line is also visible, this
line is overlapped for Rze(l)° The cross—-over

signals are marked with asterisks.
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Figure 10.

Energy level diagram, showing the hyperfine
components which give rise to the cross-over
signal for the sz(l) line. The extra line,
marked with an asterisk, lies midway between
two transitions which originate from the same
ground state level. It has an intensity which

is the geometric mean of the other two lines.
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Figure 11. Unusual triplet structure on the hyperfine

components of R;¢(1) and Ry (1) which on
subsequent re-examination was not reproducible,

This structure has not so far been explained.
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Figure 12.

Pumping scheme for a spin~rotation transition
in N = 6 of the Azd state of CH. Due to the
large ground state lambda doubling it is
possible to selectively pump just one of the
upper state components. Hence a change in the
excitation transition could lead to a change in

the microwave frequency as shown.






Figure 13.

Energy level diagram for the A2pstate of CH
with the possible spin-rotation transitions
drawn in. Each of the J levels shown has two
levels split by lambda doubling, each of these
being split again by the proton hyperfine

interaction.
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Figure 1l4.

Observed MODR signal in the Aldstate of CH.
There is one line predicted near this frequency
with the other main hyperfine component 570 MH:z
away. Either one or the other of the lines is
spurious, this is not unreasonable as many
times direct pick-up of the microwave radiation
by the detection system led to "signals" being

observed.
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search for the N=é transition. The hyperfine splittings in
the excited state were also not very well understood and in
particular the ordering of the components was not knoun for
sure. The hyperfine splitting was estimated at 120 MHz and
when tuo lines were observed close to the predicted position
with a splitting of about this magnitude they were assumed
to be the two components required. The lines observed,
shown 1n figure 14 uwere very broad one about 70 MHz FUWHM and
the other 100 MHz. On changing the optical pump to the
alternative lambda doubling component only a small shift in
position, less then the measurement accuracy, was observed.
Subsequent analysis of the hyperfine structure in the
excited state showed that the splittings in the two spin-
rotation components went in opposite directions and thus
that the expected hyperfine splitting for the observed MODR
transition is 3570 MHz. Hence either one or both of -the
signals observed was not real. During the recording of the
transitions a considerable problem of direct microwave
pickup by the phototube and i1ts associated electronics was
encountered giving rise to laser independent signals.
Although a check was made on these observations, by blocking
the laser beam, it is possible that when one component was
found to be real the other was not checked. Another
possibility 1is that the signal in figure 14 1s just one
transition with the same one with opposite phase due to
different relaxation processes superimposed on 1t, features
of +this type have been observed before in the excited state
of NO2 by Steimle (25) and by Takami (26). It is unfortunate
that the upper state MODR observations were not properly
obtained, as they would give important information on the
fine and rotational structure as well as the lambda doubling

and hyperfine effects.

Fit of the Dats

Due to the great accuracy with uwhich the ground 2T
state parameters have been determined for CH, it was

possible to reduce the various A-X transitions observed to
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pure exclted state values. The Doppler—~limited data were
fitted as transitions houever, as it was easier for the
program to calculate the 21 energies each time, than to
evaluate the 24 term values. A computer program was uwritten
to calculate the A24 - X2N transition frequencies and to fit
the upper state constants by the least squares method. The
ground state constants were constrained to the values
determined from the LMR and microwave fits as these were
considered to be more accurate than any values which could
be found by fitting them. No hyperfine effects were
included in either state, for the ground state all of the
constants from the previous fits were used, while for the
excited state A, B, D, H, Y, Yo, p and g were included,
together with the (0,0) transition frequency. There are
great variations in the accuracies of the measured
frequencies and hence a weighted fit was required, each line
being weighted according to the inverse square of 1its
overall measurement error as given in table 4. Previous fits
of A24 - X217 data had resulted in approximate values for A,B
and D and these were used as initial estimates. Initially
only A, B, D and r were allowed to vary, the result was

quite good but many of the high N lines which were the most

accurately measured, uwere not fitted to the precision
expected. The inclusion of higher order terms ro and H gave
quite a considerable improvement, the standard deviation of
fit being 1.28.

The only remaining question was whether the lambda
doubling parameters for the excited state could be

determined. As a check on this the computer scanned measure-
ments were used to produce a set of lambda doubling
frequencies, with each splitting due almost entirely to the
ground state, but fortunately the microwave measurements bhad
been made to quite high N and it was possible to extrapolate
them to the rotational levels required,upto N=11. Table 6
shows the measured splittings and also the effect of
subtracting the ground state lambda doubling to leave pure
24 splittings. Uhile the values shouw rather wild fluctu-

ations, as they are only just larger than the measurement



Table 6. Lambda doubling in the AZ4 state of CH

Transition Measured Ground state  Upper state  Upper state
splitting contribution splitting level
(GHz) (GHz) (MHz)

P,(8) 76 .135 76.158 23 F, 7
(7 59.038 58.997 41 Fp 7
R, (6) 43.833 43.862 29 F; 7
Q; (8) 76.294 76.158 136 F, 8
Ry (7) 58.858 58.997 139 F; 8
Q;(9) 95.412 95.263 149 Fi 9
R;(8) 76.111 76.158 47 Fi 9
Q; (10) 116.358 116.223 135 Fy 10
Ry (9) 95.253 95.263 10 Fy 10
Q (11) 138.921 138.941 -20 Fy 11
R;(10) 116.101 116.223 122 F, 11
P,(8) 84.365 84.524 159 F, 7
Q,(7) 66.398 66.411 -13 F, 7
R,(6) 50.185 50.311 126 Fy 7
P,(9) 104.451 104.568 117 F, 8
Q,(8) 84.682 84.524 158 F, 8
Ry(7) 66 .461 66.411 -50 F, 8
Q,(9) 104.676 104.568 108 F, 9
R,(8) 84.494 84.524 30 Fy 9
Qy(10) 126.413 126 .451 -38 F, 10
R,(9) 104.541 104.568 27 F, 10

Q,(11) 150.298 150.076 222 F, 11



Table 7. Fit of 2A lambda doubling splittings
Splittings / MHz

Level Observed Calculated Obs-Calc
Fy N = 7 29 21 8
F, N = 8 141 39 102
Fi N= 9 104 54 50
F; ¥ =10 84 89 -5
F; N = 11 70 128 -58
Fo N = 7 90 30 60
F, N = 8 76 51 25
Fo, N = 9 71 83 -12
F, N =10 -3 114 -117
Fo N = 11 245 169 76

Lambda doubling parameters

p + 4q = 0.06(5) MHz

q = 0.009(2) MHz



Table 8. Fit of the (0,0) band of the AZ4 - X211 transition of CH
Line Observed Obs~Calc Line Observed Obs-Calc
cm™1 em™! em™? em™?

R1e(3) 23292.0212 .0143 Ry (3) 23297.3986 .0012
Ry (4) 23324.1864 .0015 Ry (4) 23328.6211  -.0036
Ryg(4) 23324.8482  -.0018 R,e(4) 23327.8018  ~.0080
Ry (6) 23389.6871 .0018 Rye(5) 23359.5473 .0074
Ry£(6) 23391.1492 .0013 Ry (6) 23393.5699  ~-.0015
Rie(7) 23423.0037 .0003 Ryg(6) 23391.8959 .0023
Ryo(8) 23456 .6589 .0005 Rye(7) 23426.9718 .0003
R;£(8) 23459.1977 .0002 Ry (8) 23460.8645 .0002
Rye(9) 23490.6015  -.0042 Rye(8) 23458 .0461 .0002
Ry £(9) 23493.7838 .0022 Ry (9) 23495.1753 .0005
Ry o(10)  23524.7944  -.0008 Rye(9) 23491.6882  -.0002
Ry£(10)  23528.6671  ~.0023 Ryo(10)  23529.8336 .0008
Q(2) 23172.5906 .0013 Qp(2) 23180.7045 .0065
Q£(2) 23172.7510  -.0003 Qp£(2) 23180.4524  ~-.0008
Q1(3) 23175.6447 .0020 Qpp(4) 23182.9436 .0126
Q£(3) 23176.0310 .0122 Qe (5) 23187.2452 .0009
Q £(4) 23179.7608 .0153 Qe(7) 23196.9543  ~.0004
Q;.(6) 23187.6680 .0111 Qo¢(7) 23194.7395 .0005
Q;£(6) 23189.1262 .0060 Q. (8) 23203.0270 .0023
Q.(7) 23192.8744  ~-.0010 Qe (8) 23200.2038  ~.0007
Q ¢(7) 23194.8437  -.0001 Q0 (9) 23209.8431  ~.0016
Q;¢(8) - 23201.2612  -.0026 Qp£(9) 23206.3515  -.0041
Q1(9 23205.1863  ~.0040 Qpo(10)  23217.3760  ~-.0019
Q¢(9) 23208.3689  -.0002 Qe(10)  23213.1593 .0010
Q1(10) 23212.2623 -.0003 Qp(11) 23225.5899 .0017
Qp¢(10)  23216.1436 .0025 Qe(11)  23220.5765  -.0034
Q(11) 23219.9219 .0030 Ppe(3) 23094.4423 .0000
Q¢(11)  23224.5558  ~-.0001 Pye(3) 23093.9492  -.0004
Py (4) 23062.7220 .0060 Py (4) 23066.9023 .0002
P (5) 23037.9541  -.0067 P, (5) 23042.3722 .0068
P1.(6) 23013.9958 .0126 P,e(5) 23041.1560 .0013
Py£(6) 23015.4468 .0007 Py (6) 23018.1694  ~-.0006
Pia(7) 22990.8519 0041 Pye(7) 22995.0562  -.0029
Py.(8) 22968.5961 -0001 P,e(8) 22970.1884 .0007
Pi¢(8) 22971.1357  ~.0002 P, (9) 22952.0061 .0028
Qp,0(2)  23174.3274 .0039 Q,,6(2)  23174.4868 .0012



Parameters for the v=0 1

evel of A24 cH

TE = 23173.458(1)

A = -1.0993(14)

B = 14.579175(67)
102 p = 0.15673(10)
109 & = 0.1019(46)

T = 0.024228(22)
10% ¥ = -0.146(19)
10 p = -0.1(10)
10 ¢ = 0.143(49)

a

Numbers in parentheses represent one

standard

deviation error estimates, in units of the last quoted

decimal place.

Correlation ma

TE A B D H
Tg 1.000 .786 -.909 -.787 -.685

A 1.000 -.669 ~.553 —,473
B 1.000 .968 .916
D 1.000 .986
H 1.000
r

p

P

£

trix

g rD P
-.526 .354 -.046
-.780 .591 -.035

505 ~-.367 .063
448 ~.343 .059
404 -.322 .061
1.000 -.937 .035
1.000 ~.032

1.000

q
.029
.017

-.035
~.033
-.031
-.002
-.064
~-.025
1.000






Table 9. Fit of the hyperfine data for A%4 cB
Splittings in MHz

Level Observed Calculated Cbs-Calc
Fi N =2 448.0 449.6 ~-1.6
F, N =3 401.4 399.6 1.8
F; N = 4 369.2 372.4 ~-3.2
F;, N =5 359.2 355.3 3.9
F, N = 2 159.6 158.4 1.2
Fo, N =3 183.6 185.4 ~1.8
Fo N = 4 203.5 203.9 -0.4
Fpy N =5 216.7 216.7 0.0

Parameters determined

57.26(85)

3
]

o
[}

563.6(34)

61.4(80)

(¢}
i

Standard deviation of fit =

.7 MHz
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Possible resons for this are that a significant carbon 2s

contribution occurs, this would not contribute to
dipolar term. Also the actual expression used, is
the effective nuclear charge Z, and slight changes
would be likely +to lead to rather large changes

calculated value for c.

the spin
based on
to this

in  the



6.8 Conclusion

We have made the first laboratory observations of the
microwave spectrum of CH. The very high signal to noise
obtained on these measurements shows the great increase in
sensitivity which can be obtained uwhen the technique of MODR
is used rather than conventional microwave absorption
spectroscopy. These observations together with the other
microwave results and the LMR measurements have resulted in
a wvery accurate characterisation of the X21 state of CH.
The high precision of these measurements has already led +to

the observation of two new CH lines in the interstellar

medium, and it i1s hoped that many more will be seen in the
future. This will provide important information on the
extent of rotational excitation of CH in different

astrophysical sources.

The A24 state for which previously only the spin orbit
and rotational constants were known has also been exten-
sively examined and the fine and hyperfine structure charac-—
terised. From these results the unpaired electron distri-
bution 1in the excited state has been shown to involve a
significant contribution from the hydrogen 1s orbital.
Effects due to lambda doubling in the24 state have also been
observed for the first time and one of the lambda doubling
constants determined. Further investigation of this 1is
required however both by LIF for the higher rotational lines
where the effect is much greater, the N = 20 lines are
predicted to show a splitting of more than 1 GHz. It should
also be possible to observe several spin-rotation transi-
tions in  the 24 state by MODR uhich are expected to shouw
effects due to lambda doubling, these measurements will also
lead to a more precise characterisation of the fine and

hyperfine structure in the A24 state.
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Chapter 7 The A24 - X271 system of SiH

Introduction

The energy levels and thus the spectrum of SiH are 1in
many ways quite similar to that of CH. In particular the
ground states are both 211 and exhibit Jlambda doubling
effects of approximately the same size. It 1s also thought
that there are large amounts of SiH in interstellar space,
based on the high concentration found of silicon atoms 1in
many regions. Unfortunately no direct astrophysical
observations of GSiH have so far been made despite many
searches. The lambda doubling transition in the louwest
rotational level Fi J=1/2 at about 3 GHz has been the main
object of these searches. Several estimates of this
transition have been made based on the optical spectrum
(1)(2) wusing extrapolation from higher rotational levels,
although Klynning et al (2) measure the 3 GHz splitting
directly they consider this inferior to their extrapolated
value. Recently the SiH spectrum has been recorded using
fourier transform spectroscopy in the infra-red (3) and by
LMR in the mid (&) and far (7) infra-red regions leading to
improved wvalues for the lambda doubling constsnts (7).
Theoretical calculations of the lambda doubling frequencies
have also been made (3)(4), similar calculations have been
shown to be fairly accurate for CH, see chapter 6. _

It has not so far been possible however to make direct
laboratory measurements of the lambda doubling freqguencies
by observing the microuave spectrum and it was the intention
of this work to make these observations. The technique of
MODR was shown to be very sensitive in making the first
laboratory measurements of the CH microwave spectrum,
described earlier, and it wass hoped to wuse the same

technique to measure the spectrum of SiH.



Figure 1.

The A%4 - Xzﬂaystem of SiH recorded by
scanning the dye~laser broadband at

! resolution. Many of the

approximately 1 cm™
features shown are due to other species for
example SiH2 and SiHF. This congestion makes
the spectrum much more difficult to examine

than was the case for CH.
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Experimental and Observations

It is possible to produce SiH by seversl different
methods, but the initial observations were made by reacting
silane, SiHa, with the products of a microwave discharge of
fluorine 1n helium as was done successfully for CH. This

resulted 1n production of significant quantities of SiH and
the spectrum recorded with 1 cm~1 resolution is shown in
figure 1. While the lines due to SiH are clearly vuisible
there are also a large number of strong lines due to other
species such as SiHz, SiHF etc. Unfortunately, these
overlap the SiH spectrum, especially parts of the R branches
which are the strongest bands for the A24 - X2 transition
of SiH. An additional problem was that a white deposit
formed quite rapidly on the walls of the reaction cell,
obscuring the laser induced fluorescence signal. This
necessitated frequent dismantling of the apparatus for
cleaning which clearly was not very convenient. To overcome
this problem a new cell was constructed with an extension
port and window through which the fluorescence could be
viewed, this 1s shown in figure 2. Using the new cell it
was possible to record spectra for about an hour before the
window became obscured.

The radiation source for these experiments was an argon
ion laser producing about 1.8 Watts in the ultraviolet,
pumping a dye-laser operating with Stilbene 3. The Az24 -
X2 system of SiH lies at about 410 nm which is at the
extreme blue end of the lasing range for Stilbene 3 and
operating without intracavity etalons i1t was possible to
obtain only about 150 mWatts. When the laser was operated
single frequency i1t was very hard to obtain any pouwer at all
with the best output being only 5 to 10 wmlatts. Conse-
quently the laser output was somewhat unstable, making the
recording of spectra difficult. Another problem is that the
tellurium atlas does not cover this part of the wvisible
region and lines could be identified only by reference to a
monochrometer and use of the measured SiH frequencies (2).

s
Despite +these problems the R(0.5) line, uwhich goes



Figure 2.

Improved cell design for the detection of SiH
signals. The use of a teflon slit and a side
arm with an observation window, dramatically
reduces the rate of deposition on the surface
through which the fluorescence signal is

detected.



Teflon Slit

Detector

Window

SiH,



Figure 3.

Possible hyperfine structure at Doppler-limited
resolution on the 8R21(0.5) line of the (0,0)
band of the A24 - insystem of SiH. The lambda
doubling splitting in the ground state is also

shown.
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