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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 resolution 

techniques, microwave optical double resonance :and 

intermodulated fluorescence.

The first molecule studied was CuF for which recording of 

a previously unobserved sub-band has allowed conclusive 

identification of the upper state in the yellow system as 

b^n. 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 ^H 

state. The lambda doubling and spin-rotation parameters are 

compared with calculated values based on perturbations due 

to the a3£+ 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 A^yS 

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 ^^ state have been determined and it is shown that 

the wavefunction involves a significant hydrogen Is 

contri but i on.

Initial, but so far unsuccessful attempts to observe the 

ground state microwave spectrum of SiH by MOOR are also 

descri bed.
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Chapter 1 Introduction

Great interest exists in free radicals in many areas, 

most having little direct concern with their study. Among 

the more important of these are kinetic studies involvin-g 

free radicals as reactive intermediates and photochemistry 

where the production of very small quantities of radicals 

can lead to extensive chain reactions. The term free 

radical is usually taken to mean any molecule possessing 

unpaired spin or orbital angular momentum. This includes 

such common stable species as NO and NOa together with Oa in 

its ground state, although the unstable second excited state 

of Oa would not be considered a free radical. Similarly 

unstable molecules such as CS and HNO would not be termed 

radicals.

Another major area of importance for free radicals is 

the upper atmosphere which is subject to large amounts of 

electromagnetic radiation and high energy charged particles 

leading to radical production. The fairly low molecular 

density means that quite large populations of these species 

can be built up. Much interest exists in the complex 

chemical processes in the upper atmosphere and particularly 

the effects of the various breakdown products of atmospheric 

pollj^tion such as CF, CCl and NO on the level of ozone. 

These species are likely to initiate chain reactions and 

thus can be very important even in very low concentrations.

The interstellar medium being subject to large amounts 

of radiation and with an extremely low molecular density, is 

an ideal environment for building up large quantities of 

free radicals. This was an area of particular interest for 

the research carried out here because wfiile many radicals 

such as OH, NO, NS, CIO, CN have already been seen, several 

important species which are thought to exist in high concen­

trations have been extremely elusive. The CH radical is of 

particular interest in such studies as it can lead to the 

production of more complex organic molecules, and for many 

years it could not be seen. There hiave been many observa­

tions of CH in its lowest rotational level in different 
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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 uork uss 

to measure the ground state microuave spectrum, as more 

accurate knouledge of the transition frequencies is likely 

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 involves using fluores­

cence detection to monitor microwave transitions, is vastly 

more sensitive however, particularly when 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 very 

accurate evaluation of the transition frequencies which may 

be observed astrophysical 1y. It was very pleasing to learn 

during the composition of this thesis of the observation of 

CH in 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 lOkHz.

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 al low measurement of the so far unobserved ground state 

microwave spectrum.

Many molecules which are stable solids on earth are 

dispersed in the gas phase in interstellar sources. Uhile 

these molecules are not usually free radicals the high 

temperatures required for their production, fr'equently 

involving the reaction of a metal with an oxidising agent, 

mean that tfie same techniques are required for their study. 

Some of these species such as SiO have been seen but others 

for example BaO and MgO are thought to exist in quite high 
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concentration but so far have not been observed. Such 

species are of particular importance as it is thought that 

they form clusters which can act as catalytic surfaces for 

interstellar reactions. The microwave spectrum of BaO was 

measured by MOOR some time ago and that of MgO has recently 

been recorded.

Other species such as CuF have IZ+ ground states but 

have many excited states with unpaired angular momentum, 

which show many interesting effects. The yellow system of 

CuF has also been considered as a possible basis for a 

chemical laser because the reaction of copper and fluorin­

ating agents leads to strong fluorescence in this region. 

The transition involved is quite strong but the fluorescent 

lifetime is also reasonably long so that a population 

inversion could be maintained. Clearly if such a laser is 

to be developed a thorough understanding of the energy 

levels involved is required. At the beginning of our study 

even the nature of the excited state was not known. The 

high sensitivity of laser induced fluorescence has resulted 

in the detection of a strongly dis-allowed sub-band of the 

system leading to a conclusive assignment for the 

trans ition.

The presence of unpaired spin and orbital angular 

momenta leads to coupling between different electronic 

states. This causes perturbation of the energy levels# for 

example in a IT state the two orientations of A along the 

internuclear axis are degenerate but mixing with Z states 

splits the levels apart leading to A type doubling. 

Measurement of such splittings leads to the determination of 

effective constants describing the interaction which may 

then be interpreted in terms of the states causing the 

perturbations.

If one of the nuclei in the molecule has a spin 

magnetic moment then this can interact with the unpaired 

electron leading to nuclear hyperfine splittings. These 

provide a direct probe of the nature of the electronic 

wavefunction in the region of the nucleus. Hence 

determination of hyperfine constants can lead to important 
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information about both the electronic state, and the 

possible configurations uhich 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 Ooppler- 

limited resolution. MOOR 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. 

However 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 is the 

use of intermodulated fluorescence to observe splittings 

obscured by the Doppler profile. This technique does not 

offer quite as high a resolution as MOOR typically 30 MHz 

but as only one radiation source is required 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 5 contains a 

description and interpretation of the measurements made on 

CuF. The results obtained on CH together with their 

analysis is given in Chapter 6 while the final chapter 

contains a description of the attempt to perform similar 

measurements on SiH.
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Chapter 2 The Effective Hamiltonian

Coupling Schemes

For molecules possessing unquenched spin or orbital, 

angular momenta there exist various uays in which these 

momenta may be coupled together. The possible coupling 

schemes which can arise were originally investigated by Hund 

(1) who showed that there were five possibi1ities,designated 

a, b, c, d and e. Of these only the first three are of 

importance for diatomic molecules with cases a and b 

occurring most commonly for light molecules.

The angular momenta of the non-rotating molecule 

consist of the orbital angular momentum of the electrons L, 

and their spin angular momentum S. The way in which L and S 

couple with the rotational motion of the molecule R is 

dependent on the size of the spin-orbit coupling relative to 

the coupling with the rotational angular momentum this 

depends on IA/2BI. If this quantity is very large, a 

situation which occurs mainly for heavy molecules then the 

appropriate scheme is case c shown in figure 1. Here the 

spin and orbital angular momenta couple together to give a 

resultant J . Due to the cylindrical symmetry of the 
a 

molecule this will precess about the internuclear axis and 

consequently only its projection onto that axis, Q, remains 

a constant of the motion. This then couples with R to give 

the total angular momentum J. Uhile F2 the projection of Ja 

is a good quantum number, the strong coupling of L and S 

means that their individual projections A and 2 are no 

longer well defined and thus the usual designations such as 

2Z+, ^n et cetera can not be used, the states instead being 

1abe11ed by fi.

If IA/2BI is somewhat sma1 1 er, then L and S no longer 

couple together, L continues to precess about the inter­

nuclear axis and thus only A its projection onto that axis- 

remains well defined. The spiri-orbit coupling remains 

strong enough however to orient the spin S so that its 

magnetic moment 2 lies along the internuclear axis. This is



Figure 1. Hund's case c 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 a^j coupling. As 

the effect of the copper nucleus is greatier, 

this is chosen as Ij.



J = R+|P,



Figure 3. Hund's case b where the spin-orbit interaction 
is small, and the spin S 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 b^j.
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case a coup!ing shown in figure 2. CuF in its b^n state is 

best represented by case a coupling and here lAI = 1 and Z 

which can take on values S,S-1,..,”S is equal to 1, 0 or -1. 

The two projections couple together to give a resultant Q

Q = A + Z 2.1

this takes on values lOI = 0, 1 and 2 leading to the three 

3TT sub-states ^ffo, ^pfi and ^Ha. Each of these is doubly 

degenerate as A may equal il and thus Q = i(0, 1 or 2). 

L and S are coupled with the rotational angular momentum R 

to produce the total angular momentum J

J = R + L + S : 2.2

A further quantum number N the total angular momentum 

without spin is also used

N = J - S 2.3

If IA/2BI is small then the spin angular momentum S is no 

longer coupled to the internuclear axis, this is case b 

coupling shown in figure 3. L remains coupled to the inter 

nuclear axis and couples with the rotational motion R to 

give the resultant N

N R + L 2.6

This then couples with the spin S to give the total

momentum J

N + S

As Z the projection of S onto the internuclear axis is no 

longer we 1 1 defined the sub-states cannot be label led by 

their value for Q. CH in both its X^H and A^J states is a 

good example of case b coupl ing, the sub —states are label led 

Fl arid F2 where for Fi J = N + V2 and for Fa J = N-'/2.
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Uhen the nuclei possess spin angular momentum it is 

necessary to couple this with the other angular momenta. 

This also leads to several different schemes for each of the 

coupling cases so far described, but as only one of these 

occurs for the molecules being considered the others uill 

not be discussed here. For CH only one nucleus has spin 

angular momentum and this is coupled uith J, the scheme 

being designated b , to give the total angular momentum F

F = J + I 2.6

For CuF both nuclei have spin and using the equivalent 

coupling scheme a they add to J as follows

Fl = J + Il 2.7

F — Fl + I a 2.8

Energy levels for the b^TT state of CuF

The good quantum numbers for a molecule in an a state 

have been derived in the previous section, if these are to 

be useful in evaluating the molecular energies then it is 

necessary to combine them in basis states which reflect the 

values of the quantum numbers. For a case a molecule the 

basis states are of the form

l-n A;S Z; J Q; 11 Fi I2 F> 2.9

Where Ti represents the other vibrational and electronic 

quantum numbers not given explicitly. For CuF I2 = 1/2 for 

the 1^F nucleus giving rise to two possible values of Fi 

for each given F while Ii = 3/2 for the ^^Qu nucleus giving 

a total of four J values for each Fi, ie a total of eight 

different basis states for a given total angular momentum F. 

For each J value there are six possible values of fi hence 

there are in total ^8 basis functions for each F. This is 
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somewhat unwieldy and it is likely to take rather a long 

time for a computer to diagonalise a matrix of this size, 

fortunately it is possible to reduce this by a factor of two 

by taking Uang combinations of the basis functions

2-iz2<in A;S Z;J Q;Ii Fi I2 F>±Iti -A;S -Z;J -Q;Ii Fi la F>) 

2.10

J-S 
which have parities of ±(-l) respectively (2).

The effective Hamiltonian operator for the energy 

levels of a molecule in a ^TT state (3)(d) is given by

^ = ^ +
eff rot

^ + ^ + ^ + ^ +
cd cdcd ss sscd so socd

+ ^ + /f + ^ + /f + /f 
sr LD hfsl hfs2 Q 

2.11

where

H
rot

/f 
cd

=

BN 2

-DN2N2

is the rotational energy 2.12

is the first centrifugal

distortion correction 2.13

>f
cdcd

HN2N2N2 is the second centrifugal 

distortion correction 2.1'1

2/3A(3Sz-S2) is the spin-spin interaction 2.15
SS

sscd
2/3Ad(3Sz-S2)N2 is the centrifugal distortion 

correction to the spin-spin 

interaction 2.16

so
AL zSz is the spin-orbit interaction 2.17

socd
AdLzSzN2 is the centrifugal distortion 

correction to the spin-orbit 

interaction 2.18

^ = rN.s is the spin-rotation term 2.19
sr 2. 2

/f 
LD

— l/2(o+p+q)(S♦+S-
_ _ ,

)-l/2(p + 2q)( J*S*+J-S- ) + l/2q( )

is the lambda doubling term 2.20

hfs 1
a 1 I 1zLz + br1 11.S+ 1 /3c 1 (311 zSz- 11 .S)-l/2d(S* I 1 ■► + S- 11 - ) 

is the magnetic hyperfine term

for the copper nucleus 2.21



H - a2l2zL2+bFal2.S+l/3ca(3l2zS2-Ia.S)-l/2d(S+l2*+S'-l2-) 
hfs2 

is the magnetic hyperfine term 

for the fluorine nucleus 2.22

^Q " egoQ (3l2-I^)+ egzQ (I*+I-) is the electric 

4TCr-l) 8T(2T-1) quadrupole interaction

for the copper nuc1eus 2.23

The rotational expressions are written in terms of N2 rather 

than R2, as this is now the accepted standard form (5), The 

lambda doubling parameters p and q are defined in the same 

form as that originally derived by Mulliken and Christy (6). 

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 Broun 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. Ue 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 follows

br = b + 1/3 c 2.24

The full set of hyperfine contributions are included 

although insufficient data were available to determine all 

of them.

The matrix elements between the effective Hamiltonian 

eqn 2.11 and the basis functions eqn 2.10 are readily 

evaluated using spherical tensor algebra (8)(9). Most of 

the elements are given by Brown 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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uihich is not given, is shown below

<T) A';S Z";J' Q';Ii F^ U FI ^f In A;S Z;J Q;Ii Fi I^ F> 
hf s2

FI +1z+F / 1/2
= (-1) /F Is Fl\ El2(l2+l)(2l2+l)0

V1 Fl Is;

J+Ii+Fi+l. / , 1/s
x(-l) <1: J' Fli [(2F1+1)(2F1+1)]

VI F, j;

x<8 , Z (-1) /J',! JV(2J +1)(2J+1):
A A q \-Q q ty

S-Z' . . I xs
xCaAS , S , +bF(-l) /S, 1 SVS(S+1)(2S+1)]

z z n n Vz A
----- q+S—Z\ i/s

+4(30]/3c(-l) 1 S\ /I 2 1\CS(S+1)(2S+1)2 0
q Z/ krq 0 qj

-d Z 5 , (-1) /J: 1 3^23 +1)(2J+1)]
q=±l A A±2 Vn -q O;

q+S-ZV . 1 xs
(-1) r S 1 SVS(S+1)(2S+1): 0 2.25

The ^n Hamiltonian matrix for a molecule without hyperfine 

effects is of dimension 3x3, the basis states having the 

three possible values of fi for each J value. The explicit 

representation of this matrix for a given rotational level 

is given in table 1. Inclusion of hyperfine effects for the 

first nucleus considered (Cu : I = 3/2) which have selection 

rules of JF = 0, JFi = 0, JJ = 0, ±1 increases the matrix 

size to 12 X 12. The effects due to the second nucleus 

considered (F ; I = 1/2) which have selection rules JF = 0, 

JF1 = 0, ±1, 21J = 0, ±1 results in a 24 X 24 matrix. The 

Hamiltonian can be broken down into an 8x8 matrix where 

each 3 x 3 sub-block has a different J or Fi value, this 

representation is shown in table 2. The explicit form of 

the copper hyperfine elements on—diagonal in J is shown in 

table 3, while table 4 contains the off-diagonal block. The 

fluorine hyperfine effects were programmed in terms of the 

3-j and 6-j symbols in eqn 2.25 rather than the explicit 

form, due to the complexity of the expressions. The 

electric quadrupole interaction obeys the selection rule JF 

= 0, JF1 = 0, JJ = 0, il, ^2, but the terms off-diagonal in



Ta
bl

e 1.
 Matr

ix
 ele

m
en

ts
 for

 rot
at

io
na

l lev
el

s J 
in

 a 
T̂T

 sta
te

 (Mat
rix

 W)

U
pp

er
 and

 low
er

 sig
n ch

oi
ce

s re
fe

r to
 e a

nd
 f l

ev
el

s re
sp

ec
tiv

el
y.



Ta
bl

e 2.
 Block

 str
uc

tu
re

 for
 lev

el
s w

ith
 a g

iv
en

 F v
al

ue

Th
e of

f-
di

ag
on

al
 qu

ad
ru

po
le

 ele
m

en
ts Q

^,
 and

 flu
or

in
e h

yp
er

fin
e te

rm
s F 

an
d Z 

w
er

e n
ot

 
ev

al
ua

te
d e

xp
lic

itl
y.



Ta
bl

e 3.
 Copp

er
 hy

pe
rf

in
e te

rm
s on

-d
ig

on
al

 in 
J (Ma

tri
x X

)

o

M
<f

pM

od 
04

: 
M

Pm

P=5 

u

4"
<9

cs

H 
<1"

Pm

Oi 
O'!

04

•x) 
+1
,Q

54 

04

Pm

Pd 

ed

M

PC4

0)

■1^

u 
cu
p« 
co 
<u

<v

0)

o

O

o

(3
60

0)

o

T) 
e 
cd

H 
O) 
(X 
(X



Ta
bl

e 4.
 Copp

er
 hy

pe
rfi

ne
 term

s of
f-

di
ag

on
al

 in 
J (M

at
rix

 Y) 0

04

Pl,

t3: CM

CM
CM

CM

Pm

De M-

U
4-

+ 1
Id

CN

pH N 
+

+ 1 e4
/) + 

^ 
(N ^ 

(4

CM

Pm cm

01 '■)

01

PH —'

(% —I 

/a

CM

pH

u 
+ 
/a

1 
Id +

1

Ph oi

Sc

"O /—.
1+ r-l 
/a +

N

—1 C4
1 —^ 0

0) 
>

u
<y 
O4 
co 
0)
^1

to

0) 
>
<v

M-<

•a 
G

0)

o 
4->

M 
0) 

tw
m 
w

co 
<u 
u

•H 
o
^ 
o

G 
60 

.rl 
(0

k 
0)

o

n3 
G 
0)

M 
(U
A 
04
O

(2
J+

l)(
2J

+2
)^

(2
J+

3)

CM



Ta
bl

e 5.
 On d

ia
go

na
l el

ec
tri

c q
ua

dr
up

ol
e te

rm
s (M

at
rix

 Q)

o o

CM

1 
X

Pm

H
O' 
O

O' 
o

o

cs 

co

co ^ S-'
I Pm 
X — cs

E-e -f"
*-) 

h O' s^
^ CS z-^

E-f o' •—<
o + 

O' MD *~1
O 

O* .-< >-}
0) +1 >—

X
p=<
H
O' 
o 
o' 
0)

J(
J+

1)
-F

(F
+1

)+
I(

I+
1)



-n-

J by 2 uer-e not included as they uere considered to be 

insignificant. The explicit representation of the other 

quadrupole terms is given in table 5. For each given F 

level there are too matrices, one with positive and one uith 

negative parity and in constructing these from the sub­

blocks for different J it is necessary to take alternately e 

and f components for the lambda doubling terms, as the e 

levels have parity (-1) and the f levels parity -(-1) . 

The actual energies are obtained by setting up and diagona­

lising the two 2d X 2d matrices for each F value being 

considered, the energies are assigned to the appropriate 

basis functions by examination of the corresponding eigen­

vector for each one.

217 and 2J energy levels for CH

The Hamiltonians for case b ^JJ and 2J states are very 

similar and so they can be considered together. Besides 

those quantum numbers already considered an additional one 

K, which relates to the projection of N onto the inter- 

nuclear axis, is needed this is equivalent to A for a 

diatomic mo1 ecu 1e as R is perpendicular to the internuclear 

axis. The basis set for a case b molecule uith one 

nuclear spin has the form

In A;S N K J I F> 2.26

The case a basis functions are however rather easier to deal 

with and the appropriate matrix elements have been evaluated 

(2). The appropriate Uang combinations of case a functions 

are then

l-S
2-i/2<|t, A;S Z;J Q:I F>^(-1)'' In -A;S -2;J -n;I F>) 2.27

For a ^n state lAI = 1 and S = 1/2 which gives Z = -1/2 or 

■+1/2 and thus IQI = 1/2 or 3/2 this leads to two basis 

states for a given N. For CH I = 1/2 and thus if the off 

diagonal hyperfine terms are included the matrices are of 
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dimension 4x4, one oith positive and one with negative 

parity occurring for each F value. The terms included in 

the effective Hamiltonian are as follows

H = /f + ^ + /f + ^ + ^ + /f + ^ 
eff rot cd cdcd so sr srcd LD

+ jy + /f + /f + ^ 2.28
LDcd LOcdcd hfs hfscd

Although only low N levels were observed the small mass of 

CH requires the inclusion of several high-order centrifugal 

distortion terms. This is particularly true of the lambda 

doubling and lambda-doubling type hyperfine terms, due to 

the very high precision of the experimental results. 

Expressions for all of the elements above are given in 

reference 2.

For a 221 state IAI = 2 and S = 1/2 giving Z = -1/2 and 

+1/2 and thus IQI = 3/2 and 5/2, the two basis states for a 

given N, although these are usually written as Fa and Fi 

respectively as Q is not a good quantum number. The spectra 

observed, which involve the 2.^ state were not as precise as 

those in the 2n state and only the following terms were 

needed

« = ^ + ^ + ^ + ^ + ^ + H + « + ^ 
eff rot cd cdcd so sr srcd LO hfs

2.29

The same expressions (2) as for the 2n state may be used to 

evaluate the 2^ matrix elements. As the rotational spacing 

is large in CH it was decided not to include terms off- 

diagonal in J and thus the matrices were only of dimension 

2x2, this is shown in table 6*

No expression for K , the centrifugal distortion 
sped , • 1 I

correction to the spin-orbit interaction has been included 

because for 2ff and 2^ states the two parameters Ao and y,the 

spin-rotation interaction, are not separately determinable. 

Tliis 1002 correlation between the two terms has been shown 

by Brown and Uatson (10), to be due to the actual form of 

the matrix elements. The only means of separating the terms
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is by measuring tuo isotopes eg CH and CO and taking 

advantage of the different isotope modification effects for 

r and Ad. As this has not been done, the values determined 

in the ^ff and 2^ states for A and ^ are only effective 

parameters containing contributions from Ad.
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Chapter 3 High Resolution Spectroscopic Techniques

3.1 Intermodulated fluorescence

Introduction

While 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 linewidth. 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 tech­

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 which 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 in this way. Any spectra recorded in this manner 

will consist of small peaks on a 1arge 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 Schaulou 

(1), who recorded lines in the Ix spectrum, using the 

514.5 nm line of an argon ion laser. The development of 

tunable dye lasers with 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 Brown 

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 Im confocal etalon acts as a

relative frequency calibration for measuring 

splittings between lines.
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Experimental Procedures

The experimental set-up used for recording signals is 

shown in figure 1. The laser beam is passed through a 

dielectric coated beam splitter producing two beams of 

approximately intensity, the angle of the beam splitter 

being adjusted to make the two intensities as equivalent as 

possible. Both beams are passed through a mechanical 

chopper with three sets of holes, the two inner ones are 

used for the laser beams giving modulation frequencies of 

356 and 499 Hz while the outer ring provides a reference 

signal at the sum frequency 855 Hz. The two beams are 

focussed and passed colinearly through the apparatus in 

opposite directions, the beam waists being adjusted to be 

the same size when actually passing through the region of 

interaction with the sample. This leads to maximum overlap 

of the two beams and hence the best signal possible. 

Feedback of the beam to the laser is eliminated by rotating 

the plane of polarisation inside the ring of counter— 

propagating beams and using a plane polariser outside of 

this to block the returning radiation This allows the 

positions of the beams to be adjusted so that they lie 

exactly on top of each other, which leads to stronger 

signals and the removal of the small residual Doppler 

linewidth produced when the beams are crossed at an acute 

angle. The non-linear response of the molcules to the 

radiation mixes the two frequencies and signals are produced 

at the sum with zero Doppler linewidth, a photomultiplier 

tube and tuned lock—in amplifier system being used to record 

the results. The output from the lock-in amplifier together 

with the signals at 75.1 MHz intervals from alm thermally 

stabilised confocal etalon are recorded on a two pen chart­

recorder. Facility for recording the signals using a 

computer also exist.

The linewidths are typically of the order of 30 MHz, a 

factor of 50 improvement on the Doppler limited signals. 

Spectra have been observed of CuF and CH in this work with 

linewidths of 25 and about 30 MHz respectively. The 
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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 involve the weakest 

optical transition so far seen using IMF, 3f[ - i£+ which 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 which 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 2^$ - 2n is much 

stronger and lines were observed comparatively easily.

Intermodulated fluorescence is 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 is likely to depend on other factors such as the upper 

state 1ifetime 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 to 

the much lower frequency the Doppler linewidth is only of 

the order of 100 kHz and frequently is not the limiting 

factor. Conventional microwave absorption spectroscopy is 

not as sensitive as LIF and for free radicals it is often 

hard to obtain a sufficient concentration of the species 

under investigation. The great sensitivity of fluorescence 

detection means that , when a suitable optical transition is 

available, signals which are either very weak or unobserv­

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 in excited vibrational and electronic 

states, which usually cannot be observed at all using 

microwave absorption, may also be recorded using MODR.

This technique of monitoring microwave transitions via 

changes in 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.

Experimenta1

MODR transitions are observed by tuning the 1 aser

radiation to connect with one component of the transition of 

interest and varying the microwave frequency. The require­

ment for observing double resonance signals is that, when 

the microwave transition is resonant there should be a 

significant change in 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 an increase in 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 10^, changes can be 

detected but for weak optical transitions the change in .the 

fluorescence level must be large. It "is possible to observe, 

MOOR transitions in both ground and excited electronic 

states, the pumping schemes for these two cases are shown in 

figure 2. Ground state MOOR transitions are usually quite 

easy to observe even if the optical transition is weak. 

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 is 

achieved will lead to an increase in fluorescence. If 

pumping were to originate from level 1 then a decrease , in 

fluorescence could be observed in this case, however MOOR 

signals are frequently not obtainable in this situation. 

This is the main reason why for ground state MOOR 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 which case no signal would be 

observed. If the optical pumping is very strong leading to 

significant depletion from level 2 then MOOR transitions may 

be seen with fairly low microwave powers. This is known as 

the strong pumping limit and using a dye laser, giving 

typically 50 mUatts this is the situation normally obtained.

The study of upper state MOOR, although this began 

before ground state (3), is 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 3 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 MOOR is if the 

radiative transition from one excited state has a different 

1 ifetime to the other, or that col 1 isional 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 level is 

effected. Signals involving effects of this type have been 

seen in the A2Ai state of NHz (5). Upper state MOOR 

transitions may also be seen with weak pumping by dispersing 

the resultant fluorescence with 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 Orul1inger 

and Zare (6) and by Field et al(7) who observed signals by 

this method in BaO. The change in polarisation of the 

fluorescence when a microwave transition is resonant is 

dependent on the different number of M components in the 
J : 

rotational levels 2 and 3. Thus this form of detection 

favours low J rotational observations.

If the optical pumping transition is stronger leading 

to a significant (usually greater than 0.12) population in 

the excited state then the transitions are said to be 

occurring at the strong pumping limit. 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 in the strong 

pumping limit and with microwave saturation a signal is not 

always certain to occur because if the rate of repopulation 

of the ground state by collisional processes is 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 in some 

systems and the only way around it would be to use the 

change of polarisation method of detection or else dispersed 

fluorescence.

Although MOOR has been used for several molecules,
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there remain many more for which spectra unobtainable 

microuiave absorption may be recorded due to the very 

sensitivity possible with fluorescence detection.

with 

high
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Chapter 4 Least Squares Fitting

In order to satisfactorily fit a large quantity of 

experimental data, a model with several adjustabl-e 

parameters is required. To actually derive these constants 

from the data, a means of varying the parameters and 

observing whether they lead to a better or worse repro­

duction of the experimental data is needed. The generally 

accepted technique for doing this is the least squares 

method (1)(2 ) .

The essential principal of this method is to minimise 

the sum of the squares^ of the residuals between the 

observations and the calculated values. Hence the set of 

residuals r is given by
i

r = y - f,(& ,...,^ ) i = 1, 2, ... 4.1 
i i i 1 m 

where y are the experimental observations and f (x) 

represents the calculated values from the initial set of 

parameters & _. For most spectroscopic observations the 

relationship between the data and the parameters is non­

linear and it is necessary to change this into a linear form 

by expanding in a Taylor series about the initial values, 

only the first two terms in the expansion are required- The 

residuals are then given by equation 4.2

r = y - f. (^(O) ...... ^(O) ) - Z l)f i I (3, O’ ) 
i i 11........ m j TOU/O’ '

It is possible to make this expression somewhat simpler by 

writing the various elements in matrix form

r = a — Ad 4.3

where r is the new set of residuals of dimension n x 1, and 

a the original residuals also n x 1. A is the n x m matrix 

of derivatives for each point with respect to each parameter 

while d is the m x 1 set of corrections to the constants. 
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The requirement of the fit is to find the matrix d which 

leads to the smallest value for the sum of the squares of 

the residuals, this is given by <2.4

r2 = rr = (a - dA)(a - Ad) 4.4

The smallest value for rr is when the derivative with 

respect to d is zero ie

'b/'bdC(a - dA) (a - Ad)) = 0 

2AAd - 2Aa = 0

d = (AA)-iAa 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 involving 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 usually 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 is

Foilow i ng

rUr = (a - dA)U(a - Ad) 4.6

the same procedure as before gives

d = (AUA)''iAUa 4.7

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

The simpler of these involves making a small change in the 

parameter in guestion, typically 1 in 10^ and then recalcu­

lating the frequencies for each observation. The derivative' 

is simply the change in frequency divided by the change in 

parameter. However this method involves setting up 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 disadvantage is that the initial value for a parameter 

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

He 11mann-Feynman theorem

(%E/b0) = <^^yb^> 4.8

That is the derivative of the energy with respect to a 

parameter is equal to the expectation value, 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 value is simply the derivative, but in most 

cases the basis states are mixed together by off-diagonal 

elements and it is 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 varied, 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 quality of reproduction of the 

data. Usually only two or three cycles are required before 

no further improvement is 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 rUr/(n-m)
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where n-m is the number of degrees of freedom should be 

close to 1. If it is significantly larger, say about 2 then 

clearly some of the data is not fitted correctly, while if 

it is significantly smaller, say about 0.5, then the 

parameters have been over-determined, possibly by allowing 

too many to vary. An estimate of the precision with which 

each parameter is determined is also required, this is given 

by the variance-covariance matrix

V =<rUr/(n-m)>(AUA)-1 4.9

where the first term is the standard deviation of fit 

described above, and the second is the dispersion matrix. 

The leading diagonal of V contains the estimated variances 

for the parameters, the errors being the square roots of 

these terms. The off-diagonal elements are the covariances 

which provide a measure of how the error in one parameter is 

related to that in each of the others. These terms are not 

particularly easy to understand and they are- usually 

normalised to give the correlation matrix C the elements of 

which are given by

c — V ( V V ) 
i j i j i i j j

4.10

The correlation matrix provides a ready guide as to how the 

error in each parameter is related to the errors in all the 

others, a coefficient close to ±1 implying a high degree of 

correlation and one close to 0 a very low degree. The 

confidence limits of the parameters obtained, usually 952, 

are equal to about twice the estimated error, provided the 

number of degrees of freedom is large. However if the 

correlation coefficients are large then it is possible for 

some of the parameters to be out by rather more than would 

usually be expected if the ones with which they are 

correlated are also in error.
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CHAPTER 5 THE YELLOW SYSTEM OF CuF

5.1 Introduction

The first rotational analysis of the various bands in 

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 fu11 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 shown 

in figure 1. There was little further interest until a 

kinetic study by Johnson et al (2) into the chemilumen- 

escence from the reaction of several f1uorine-containing 

compounds with copper atoms. They showed that this was due 

to CuF. Steele and Broida (3) investigated the same 

reactions as wel1 as the products which occur from heating 

CuFa and measured radiative lifetimes and photon yields. 

They also remeasured and analysed the AlZ"*"—X^£"•" system at 

506 nm. A molecular beam study of the reaction between 

copper atoms and F , carried out by Schuenz and Parson (4) 

gave values for the relative rates of formation of the 

various excited states of CuF.

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 Bin-XiS+, the 440 nm band as c^J- 

X^E+ and the 685 nm band as a^^^-X^Z"^.

They were not able however to assign the 570 nm, yellow 

system definitively, and it was this deficiency which 

prompted the present study. The observed yellow system 

consisted of two sub-bands which were clearly due to 

transitions between the ground X^Z+ state and two excited 

state levels charac ter i sed by fz = 0+ and 1. Ahmed et al 

chose to assign this to a ‘p-complex’. If 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'^F", 
the Cu"*" having a 3d^®48® configuration. The six 

excited states shown arise from promotion of an 

electron from the 3d to the 4s 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 S»^ ando components in the cylindrical 
symmetry of CuF giving rise to J^Hand £ 

electronic states. The positions of the so far 

unobserved sub-states (shown as dashed lines) 

are from the work of Schamps et al. (8). 
The energies of the A, B and c states are from 
Ahmed et al. (5).
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