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ABSTRACT 
Vapour phase rubies were examined by several 

techniques. X-rays showed that the c-axie varied from place 
to place i n each boule by up to 3 ° . Superimposed on t h i s 
was a d i s t r i b u t i o n of mosaic structure with the c*axis 
varying from grain t o grain by up to 3*^. Annealing did not 
improve these imperfections. Boules grown i n the 9 0 ° 

o r i e n t a t i o n showed less mosaic than those grown i n other 
orientations. Polygonisation, observed by Scheuplein and 
Gibbs ( 1 9 6 0 ) , provided an explanation. X-ray examination 
of corundiua gave si m i l a r r e s u l t s . The random dislocation 
density revealed by etching was about lO*^ dislocations/cm 
i n corundum and ruby, therefore, adding chromium did not 
produce dislocations. The imperfections did not correlate 
with the boules* crystallography. The paramagnetic resonance 
linewidth increases with the imperfection i n the sample and 
t h i s increase i s angular dependent. The basic linev^idth 
depends on the chromium concentration. Sample 3 3 7 c showed 

1 3 3 1 l i t t l e angular broadening i n the 2 + g and the * 2 ' 2 

t r a n s i t i o n s * I n G2a the l a t t e r t r a n s i t i o n showed a maximum 
broadening of about 2^ times near the polar angle 4 5 ^ * 

X-rays showed that each sample had similar c-axis 
misorientatioQS but Ĝ a contained much more mosaic than 3 3 7 c . 



i i 

The misorientation predicted by the broadening G2a i s 0° 
2 5 t . The * I to + ̂  t r a n s i t i o n i n 3 3 7 c was about 22 oersteds 
^de and did not vary much w i t h angle. I n G2a t h i s t r a n s i t i o n 
broadened to 3 3 oersteds at polar angles 45° and 30°. The 
chromium concentration predicted from the basic linewidth 
at 55° i n both samples i s 0.43 weight ^ of chromium. The 
concentrations given by chemical analysis are 0.052 weight ^ 
f o r 3 3 7 c and between 0.02 and 0.032 weight ^ for G2a. 
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PREFACE. 

My supejrwisor and I joined the Department of 
Applied Physics on the same day i n October, I 9 6 I . Since 
that day a large niimber of people have exerted a 
considerable amount of e f f o r t to help us erect the 
spectrometer and i t s a n c i l l a r y units which I have used 
f o r the measurements on maser materials reported i n t h i s 
thesis. A few of these are aknowledged on page i v . The 
spectrometer i s described i n chapter f i v e and the 
measur^ents made w i t h i t i n chapters six and seven. 
Chapter foiu* contains the basic theoretical work f o r the 
measurements which were made. Besides the microwave 
resonance work, I have made some X^s^y and chemical 
etching measurements i n order to investigate points closely 
related to the main theme of the thesis. These are reported 
i n chapters two and three. The f i r s t chapter i s a general 
siirvey of the background to the work while the f i n a l 
chapter contains a survey of the work performed and some 
suggestions f o r future work. 

D.A.Curtis. 
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CHAPTER ONE. 
INTRODUCTION. 

Introductory commentsj description of the 
growth process of rubyj 2:-ray, chemical 
etching and microwave spectroscopy tech­
niques f o r examination of single c r y s t a l 
boules; relevance of chemical imperfections. 

INTRODUCTION. 

Gordon et a l . (1954) coined the word maser with 
reference to a gaseous system. Soon afterwards Combrisson et a l . 
( 1 9 5 6 ) and Bloembergen ( 1 9 5 6 ) discussed d i f f e r e n t modes of maser 
action i n solids. I t was quickly realised that these s o l i d 
state devices would have important applications i n commxinications 
as w e l l as i n s c i e n t i f i c and defence systems, and a large amount 
of work was i n i t i a t e d on the research and development of these 
systems. The obvious uses of masers were as sensitive,low noise 
amplifiers and as stable, low power signal generators in the 
millimetre and centimetre wavelength region of the spectrum. 

Ruby was one of the materials used i n the early masers 
and i t i s s t i l l a common choice. I t i s also a common choice 
f o r s o l i d state lasers which were developed a f t e r the maser. To 
sa t i s f y the demand f o r crystals to be used i n these devices, 
several sources of a r t i f i c i a l material were developed, and i t soon 
became obvious that techniques must be developed f o r the 
examination of the material (i^§c|yjCie^ if.o check i t s s u i t a b i l i t y as 
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maser or laser material. 
The work described i n t h i s thesis i s an examination of 

crystals of ruby grown by flame fusion from the vapour phase 
(K.H.Jack and G.W.Stephenson, private communication). The aim 
was to determine the type and d i s t r i b u t i o n of imperfections i n the 
boules. I n pa r t i c u l a r physical imperfections were studied but 
chemical imperfections were considered when they were relevant 
to the work. Also of int e r e s t were the effects on the paramagnetic 
resonance spectrum of physical imperfections i n a.sample. 
GROWTH PROCESS. 

Ruby i s AlgO^ w i t h some of the aluminium atoms replaced 
by chromium atoms which are usually t r i p l y ionised. Most of the 
material examined was grown by flame fusion from the vapour phase. 
I n t h i s process the chemicals are fed i n t o a furnace as vapours 
(Figure 1). Inside the furnace they react i n an oxy-hydrogen 
flame and the vinwanted chemicals are swept away by the gas flow 
while the remainder are deposited on a suitably placed seed 
c r y s t a l to form the boule. Normally halides of aliuniniiim and 
.QhromiiuQ are used as the source vapours because they can be 
produced easily and are vaporised readily. An example of the 
reactions involved i s 

2A1 + 3 C I 2 —> ZAICI^, 

2A1C1^ + SHgO 6HC1 + AlgO^. 
A chromium halide i s introduced s i m i l a r l y . The advantage of using 
gaseous feeds i s that the s t a r t i n g materials can be produced i n a 
very pure state and so the re s u l t i n g boule contains very few 
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unwanted chemical impurities. 
The seed c r y s t a l i s carefully orientated i n the furnace 

and during the growth process i t i s withdrawn at such a rate that 
the surface on which the fresh material i s being deposited i s 
always i n the same plane i n the furnace. While i t i s being 
withdrawn i t i s also rotated and osc i l l a t e d l a t e r a l l y i n order to 
help d i s t r i b u t e the chromium uniformly across the boule. The 
growing temperature f o r the material i s 2050°C, and because of the 
large temperature gradients i n the boules, they are highly strained 
on removal from the furnace and are d i f f i c u l t to handle without 
f r a c t u r i n g . The temperature gradients w i t h i n the furnace are 
reduced as much as possible by using baffles and subsidiary 
heaters. Due to the natvire of the growth process, with i t s long 
cooling o f f period i n the furnace, every sample i s p a r t i a l l y 
annealed on removal, but even so i t i s wisest to anneal the samples 
further a f t e r growth by heating them to temperatures approaching 
2000°C f o r several hovirs and then cooling slowly. 

The boules examined were grown i n three d i f f e r e n t 
growth directions, the so called 0 ° , 7 3 ° and 9 0 ° directions. That 
i s the crystallographic c-axis of the seed c r y s t a l , and also of the 
resultant boule, was at 0 ° , 7 3 ° or 9 0 ° to the di r e c t i o n of 
withdrawal of the seed from the furnace. 
TECHNIQUES FOR EXAMINING CRYSTALS. 

X-ray, chemical etching and microwave spectroscopy 
techniques have been used to examine the boules of synthetic ruby 
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produced by the growth process described above. 
Many sophisticated 5v-ray techniques exist f o r studying 

defects i n solids. Lang (195S) developed a technique by which he 
was able to obsei*ve i n d i v i d u a l dislocations i n the body of a 

B —2 
material. Dislocation densities up to 10 cm" can be studied 
i n materials by analysing rocking curves from a double c r y s t a l 
spectrometer using the method developed by Lambot et a l . (1953). 
Strain throughout a volume of c r y s t a l l a t t i c e can be detected 
using a method due to Guinier and Tennevin (1949). This technique 
has been applied to iniby (J.R.Prior, private commimication). 

The Laue technique i s not so sophisticated as these but 
i t i s a very v e r s a t i l e technique (K.Lonsdale, 1959) and can 
fur n i s h information on c r y s t a l o r i e n t a t i o n , polycrystalline 
structure and s t r a i n i n a l a t t i c e . Thisvas the method employed 
i n the work described i n t h i s thesis. 

Horn (1952) showed that the position of a p i t produced 
on the surface of s i l i c o n carbide by chemical etching indicated 
where a screw dislocation intersected the surface. Since t h i s 
demonstration of the r e l a t i o n between chemical etch p i t s and 
dislocations i n solids many materials have been studied i n t h i s 
way. Scheuplein and Gibbs (I96O) carried out an investigation of 
synthetic corundiun, undoped Al^O^, using the etching technique. 
They observed etch p i t s on the (0001) plane, which they 
a t t r i b u t e d to prismatic s l i p , and on the jlOll[ , {2021f and 
neighbouring planes, which they attributed to basal s l i p . The 
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surface density of the p i t s on the l a t t e r was ten times that of 
the p i t s on the former. 

E l l i s (1955) gave two requirements f o r a chemical i f 
i t i s to be stiitable f o r use as an etchant. They are, f i r s t l y , 
that the etching s h a l l be slow, and secondly, that the etch must 
attack some other c r y s t a l face faster than the one under study. 
M^l^ka ( I 9 5 S ) put forward two more conditions f o r ain etch to 
s a t i s f y i n order to give greater c l a r i t y , especially when working 
on materials w i t h low dislocation densities. These are that the 
etch p i t s should not be large compared to the distance between 
them and that they should not be randomly distributed due to a 
general attack on the surface. 

Microwave spectroscopy i s the study of materials using 
the i n t e r a c t i o n between an electromagnetic wave and a magnetic or 
an e l e c t r i c moment. Nuclei, atoms, molecules, c r y s t a l defects and 
conduction electrons can have suitable moments. Here the interest 
was i n electron paramagnetic resonance i n solids where the 
in t e r a c t i o n was wi t h a magnetic moment produced by an incomplete 
electron s h e l l i n the atoms of one of the elements present i n the 
so l i d . The resonance in t e r a c t i o n between the magnetic moment 
and the electromagnetic wave can be described i n several ways. 

Bloch ( 1 9 4 6 ) developed a phenomenological approach 
which he applied to nuclear magnetic resonance i n liq u i d s where 
the magnetic moments of the nuclei did not interact strongly 
w i t h one another. The theory showed how the i n d i v i d u a l magnetic 
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moments precess around an effective magnetic f i e l d produced by 
a large steady f i e l d and a c i r c u l a r l y polarised alternating 
f i e l d of frequency • The precession about the effective 
f i e l d shows amplitude resonance when Vo equals the precession 
frequency V . This basic theory has now been extended to solids 
and electron paramagnetic resonance where i t i s mainly used 
to describe transient phenomena. 

The o p t i c a l analogy to paramagnetic resonance describes 
i t i n terms of the d i s t r i b u t i o n of population of the electrons 
of the paramagnetic ion i n i t s energy levels. F i r s t the energy 
levels are calculated and then p r o b a b i l i t i e s f o r transitions from 
one l e v e l to another. The p r o b a b i l i t i e s vary with frequency and 
increase to large values at resonant frequencies. This i s 
analogous to o p t i c a l spectroscopy and demonstrates that electron 
paramagnetic resonance i s spectroscopy at microwave frequencies. 
There are, however, several s l i g h t differences. Electron 
paramagnetic spectroscopy i s absorjjtion spectroscopy while 
o p t i c a l spectroscopy i s usually emission spectroscopy from 
excited electron states i n a gas discharge. Also the microwave 
technique uses the Zeeman effect tta overcome p a r t i a l l y the 
d i f f i c u l t y of obtaining power sources over a wide range of 
frequencies to s u i t a l l energy l e v e l s p l i t t i n g s . The magnetic 
f i e l d a l t e r s the energy levels and t h i s change i s adjusted so 
that the available source of power causes t r a n s i t i o n s , which i s 
a more f l e x i b l e technique than t r y i n g to a l t e r the eoursoe 

frequency. 
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Calculation of the energy levels shows the importance 
of the resonance technique. They are very sensitive to the 
structure of the s o l i d and so the spectrum i s sensitive to the 
structure as w e l l . 

The model of the inte r a c t i o n which i s best suited 
to the description of the spectrometer used i n t h i s work depends 
on the results of the theory of electromagnetism. The mean 
power absorbed per u n i t volume by a material whose volume 
magnetic s u s c e p t i b i l i t y i s J'X.̂ i from a time varying f i e l d 
of emplitude H i s 

where ^ i s the pulsatance of the magnetic f i e l d and /^o i s the 
permeability of free space. and JCj vary with frequency, 
fig u r e 2. , I n p a r t i c u l a r "Xa shows a sharp peak i n i t s 
v a r i a t i o n with frequency so the power absorbtion shows a 
corresponding sharp maximiun. 

The spectrometer, which w i l l be described f u l l y l a t e r , 
worked at frequencies around 3 5 Gc/sec. The three main 
parameters which describe the transmission of power down a 
wavegiiide are the liower P, the frequency V and the standing 
wave r a t i o r. The l a s t parameter i s related to the voltage 
r e f l e c t i o n c o e f f i c i e n t P which i n t u r n i s related to the c i r c u i t 
Q values where Q i s a q u a l i t y factor defined as 

X t o t a l energy s t o r e d ^ 2 
energy l o s s e s per second 

As the energy losses vary, the value of Q varies, so i f the losses 



•4 

')Cfc N o r m a l i s e d 

1 I r 
-•2 

Hi 

-6 

T r •2 -4 
Normalised to the 
same value oi y.% 

Frequency in arb i t rary 
units, -r O . 

Frequency in arbitrary 

units, ^ = O . 

^ - 6 

- y , AND A G A I N S T F R E Q U E N C Y 

F I G U R E 2 



-8-

depend p a r t l y on H^ita measurement of Q provides some 
information on " ^ j ^ * 

The curves of figure 2. can be obtained by the method 
described by Bloembergen et a l . (1946). These workers 
calculated the power absorbed by the electrons from an 
electromagnetic wave using the quanttim mechanical theory of 
t r a n s i t i o n p r o b a b i l i t i e s and the Boltzmaxui d i s t r i b u t i o n of 
electrons throughout the energy levels. This expression f o r 
power absorjjtion i s equated to the expression given i n 1.1 and 
so %2 i s obtained i n terms of t r a n s i t i o n p r o b a b i l i t i e s and 
electron populations of energy levels. The t r a n s i t i o n p r o b a b i l i t i a 
show maxima at cer t a i n frequencies and so does • ^7 using the 
Kramers - Kronig rel a t i o n s an expression f o r y-i can be obtained 
as w e l l , and t h i s also has s i g n i f i c a n t values only near certain 
resonant frequencies. 

The value of the energy stored i n a resonant cavity 
depends on so the Q value f o r the cavity i s altered by 
changes i n . Both T/ and If-2 change rapidly near the 
resonant freqiiency and to d i f f e r e n t i a t e between the effects of the 
two reqiiires great care i n the construction of the spectrometer. 
One way to d i f f e r e n t i a t e between the r e a l and the imaginary parts 
of the s u s c e p t i b i l i t i e s i s to vary the signal frequency i n such a 
way that the cavity i s always at the peak of i t s resonance and 
the terms containing the r e a l part of the s u s c e p t i b i l i t y 
disappear. An a l t e r n a t i v e way i s to use a waveguide system which 
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can be adjusted so that only ' ^ i or 7-2 i s detected but not 
a mixture of the two. A magic tee can be used i n t h i s way. 

An impoi^ant parameter to consider i n the construction 
of a microwave spectrometer i s the s e n s i t i v i t y of the instrument. 
The s e n s i t i v i t y i s usually defined as the r a t i o of signal voltage 
to noise voltage. For the highest s e n s i t i v i t i e s a large signal 
and a system which produces very l i t t l e noise are required. The 
best signal i s produced by using a cavity with a large tuiloaded Q 
value and containing a sample of such a volume that i t s d i e l e c t r i c 
losses reduce the Q value to two-thirds i t s o r i g i n a l value. This 
cavity has to be suitably coupled to the rest of the waveguide 
system (Feher, 1 9 5 7 ) . Assuming a suitable fiu'rangement has been 
made to maximise the signal there are several systems for detectinf 
i t which have different noise properties. 

Possible sources of noise are the klystron, the 
detector c r y s t a l , the amplifier and the recorder, and i f the 
cavity i a i n boiling cryogenic liquids or the klystron i s cooled 
by a powerful fan, microphonic noise may be present. By careful 
choice of the amplifier and careful mounting of the various 
components, noise due to the amplifier and microphony can be 
reduced. The klystron noise may be very d i f f i c u l t to improve. 
Voltage variations on the electrodes of the klystron should be 
reduced as much as possible. I f the system contains a magic tee 
i t can be adjusted so that i t r e j e c t s the noise carried by the 
microwave power. I t i s most effective when detecting 'Ya . 
Peher ( 1 9 3 7 ) described the action of the magic tee i n terns of 
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variations i n voltage r e f l e c t i o n coefficients, while Bloemfeergen 
et a l . (1946) preferred to describe the action as a 
supei?heterodyne system which had an intermediate frequency of zero 
which e f f e c t i v e l y reduced the t o t a l bandwidth and also the noise 
passed by the system. The biggest source of noise i s the 
detector c r y s t a l . The noise temperature t of a c r y s t a l can be 
written as (Uhlir, I963) 

t = t ^ + A/f 1.3 
where t i s the "while" noise or combined Johnson noise of the w 
c r y s t a l impedance and shot noisis of the barrier. A/f represents 
the flicker; noise of the barrier where A i s a constant for any 
p a r t i c u l a r c r y s t a l and f i s the signal frequency, that i s the 
modulation frequency, not the c a r r i e r frequency, t ^ i s 
approximtately equal to unity so t i s given closely by A/f when 
f i s very small. By a r t i f i c i a l l y modiilating the signal at a 
high frequency f, the noise temperature becomes almost equal to t . 

There are four ways of modulating the signal. The 
magnetic f i e l d can be modulated with such a large amplitude that 
i t completely sweeps through the l i n e . This i s usually performed 
at audio frequencies because of the large power required to 
overcome the s e l f inductance of the modulation c o i l s . After the 
detector the signal i s amplified by an audiofrequency wide 
band amplifier and then displayed on an oscilloscope. An 
alterna t i v e modulation system uses phase sensitive detection where 
a sm^ill amplitude magnetic f i e l d sweep i s combined with a slow 
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sweep of the main magnetic f i e l d through the l i n e . In t h i s 
way a very small part of the l i n e i s covered by the small 
amplitude modulation at any one time while the whole l i n e i s 
swept out by the main sweep i n a period of several seconds. 
After the c r y s t a l i s a phase sensitive amplifier timed to the 
frequency of the rapid modulation and followed by a recorder. 
I t has a very small bandwidth and can be operated at frequencies 
of the order of 10^ c/sec because only small subsidiary c o i l s 
are required to produce the magnetic f i e l d sweep. These two 
factors mean that the system passes very l i t t l e noise to the 
recorder. This system records the derivative of the lineshape. 

The simple large amplitude audio frequency equipment 
can be improved by beating the c a r r i e r frequency and signal 
superimposed on i t with a second frequency 4.0 or 50 Mc/sec away. 
This means that the detector c r y s t a l works i n a frequency 
region where i t s f l i c k e r noise i s ins i g n i f i c a n t . The actual 
frequency used as the intermediate frequency i n t h i s 
superheterodyne system depends on the noise properties of the 
intermediate frequency amplifier. Amplifier noise usually 
increases with increasing frequency. Therefore there i s an 
optimum intermediate frequency at which to operate found by 
balancing the decrease i n f l i c k e r noise and the increase i n 
amplifier noise. 

A fourth modulation technique i s to modulate the 
frequency through the resonance. This method can be adopted 
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to separate from as mentioned above. I t has the drawback 
that distortions are introduced by any frequency sensitive part 
of the c i r c u i t . For powers above 100 mW bolometers make excellent 
detectors. They can only be used at low freqencies and they 
operate best at higher pov/ers because the i r conversion gains are 
best then. However, they have an optimum power l e v e l for operation 
due to signal generator noise. Crystals also have poor conversion 
gains at low powers, but t h e i r noise power increases with power 
so they have an optimvm power l e v e l for operation also. 

The aim of spectroscopy i s to correlate the various 
observable parameters with the structure of the atoms responsible 
for the spectrvun. The most e a s i l y observed parameters are the 
energy l e v e l spacings, the effects of e l e c t r i c and magnetic f i e l d s 
on these spacings, the selection and polarisation rules of the 
tran s i t i o n s joining the energy l e v e l s and the r e l a t i v e i n t e n s i t i e s 
and linewidths of the various transitions. I n principle a l l these 
points are known from the i n i t i a l and f i n a l states <f the 
t r a n s i t i o n . Here the intere s t i s i n the linewidths of the 
trans i t i o n s because they are influenced by a variety of mechanisms 
i n the s o l i d which can, therefore, be studied by making careful 
observations of the linewidth. 

The complete theoretical solution to the problem of 
predicting lineshapes and linewidths i s insoluble with present 
techniques. I t requires the solution of the energy l e v e l s of 
many interacting ions. However because of i t s importance much 
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work has been done on the problem. The three main aims have 
been to evaluate the form of the lineshape, or the moments of 
the lineshape, or the magnitude of the linewidth. The second 
two aims have received the most attention. Pryce and Stevens 
(1950) gave a general theory of moments and linewidths which 
has been applied to the case of ruby by many workers. Anderson 
and Weiss ( 1 9 5 3 ) performed a calculation which could be applied 
to the lineshape of ruby, but i t does not appear to have been 
so f a r . 

The work of Van Vleck (194^) on moments and linewidths 
cannot be applied d i r e c t l y to ruby because he s p e c i f i c a l l y 
neglected the effects of the c r y s t a l f i e l d i n h i s calculations. 
More recently O'Reilly and Tsang ( 1962 ) have attempted 
calculations on the linewidths and moments of nuclear magnetic 
resonance l i n e s using l a t t i c e harmonics and they intend extending 
t h e i r work to electron paramagnetic resonance l i n e s . Bersohn 
and Das (I963) have used techniques of s t a t i s t i c a l mechanics to 
simplify the summations involved i n evaluating the moments of 
l i n e s and Klauder and Anderson {I962) attempted a theory of 
lineshapes i n terms of stochastic processes. A l l t h i s work has 
illuminated the various mechanism i n solids which can contribute 
to the width of the l i n e s even i f i t has not as yet produced the 
complete solution to the problems. 
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CONCLUSIONS. 
An indication has been given of the general backgrovind 

of the work contained i n t h i s thesis. The growth process of the 
ruby samples used has been described and the techniques which were 
used to examine the c r y s t a l s introduced. These techniques 
were aimed at elucidating the physical imperfections i n the 
c r y s t a l s but they also have some bearing on the chemical 
imperfections. This was pa r t i c u l a r l y time of the spectroscopy 
work. Of the methods used to investigate the samples the 
spectroscopy seems the most suitable because the material was 
examined i n conditions closely similar to those of maser operation. 
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CHAPTER TWO. 

X-RAY STUDIES. 
Experimental technique; method of analysis 
of measurements; r e s u l t s of measurements; 
discussion of types and magnitude of imper­
fection revealed; conclusions. 

EXPERIMENTAL TECHNIQUE. 

The ruby specimens were examined using the Laue back 
r e f l e c t i o n technique. IVhite radiation from a copper target vras 
used. The focus of the target was 10 mm by 1 mm and i t was viewed 
perpendicularly to the longer side between angles -1° and +8°, 
The tube was run at 40 kV and 20 ma. The camera consisted of a 
f l a t f i l m holder and a goniometer mounted on a base. Through the 
centre of the f i l m holder passed a collimator which was held 
perpendicularly to the holder. The goniometer had f a c i l i t i e s for 
rotation about three mutually perpendicular axes and for trans­
l a t i o n along two mutually perpendicular horizontal directions. The 
samples were mounted on the goniometer and the camera adjusted so 
that the X-rays from the target passed through the collimator, 
f e l l onto the sample and were reflected onto the film. 

A choice of collimators and of film-sample distances was 
ava i l a b l e and the actvial combination used depended on the detailed 
requirements of the experiment to be performed. IncKsasing the 
film-sample distance increased the accuracy with ^ i c h measiArements 
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of the angles through which the beam was deviated by different 
planes of the c r y s t a l l a t t i c e could be measured, but i t also 
increased the s i z e of the image on the f i l m and so made accurate 
location of the centre of the image more d i f f i c u l t . Another 
effect of the larger film-sample distance was to increase the 
exposure time. Increasing the length of the collimator, or 
decreasing i t s diameter, increased the accuracy with which the 
centre of the image could be located but i t also increased the 
exposure time and the gain i n accvir&cy had to be countered against 
the increased length of the experiment. 

The system most often used consisted of a collimator 
7*33 cm long with holes 0«0635 cm i n diameter and a film-sample 
distance of 3 cm. The angular diameter of the beam was 
calculated as 0*0174 radians and i t irradiated a c i r c l e of 
diameter 0*09 cm on the samples. I f t h i s beam was deviated from 
the Incident direction by 45^ when i t was reflected, i t was 
calculated that i t would produce an image of s i r e 0'16 cm by 0'23aG 
on the film. The exposure time for t h i s arrangement was 90 
minutes. Using the same collimator and a film-sample distance 
of 5 cm increased the illuminated diameter on the sample to 
0*12 cm and the dimensions of the image to 0*25 cm by 0«35 cm. 
The exposure required was 4^hours. Other collimators were 
available including one which required exposure times of l e s s 
than one hour. The largest film-sample distance i t was 

convenient to use was 5*5 cm. 
To f a c i l i t a t e carrying out the X-ray work, a brass disc 
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was made which had two 30^ sectors diametrically opposite to 
each other removed. This disc was f i t t e d over the f i l m with the 
collimator passing through i t s centre. With t h i s disc three 
separate exposures could be taken on the same film, figure 3. 
Usually the specimen was translated horiaontally p a r a l l e l 
to the f i l m between exposures so that on one film three exposures 
of adjacent regions on a straight l i n e across the sample were 
obtained. The fact that only one-sixth of the pattern was 
revealed i n each exposure did not affect i t s analysis. Enough 
of the pattern of spots was revealed to allow i t to be performed. 

The Laue technique has the disadvantages that i t i s 
not as s e n s i t i v e or as accurate as some other methods and that only 
a small volume at and immediately below the surface of the sample 
i s examined i n any one exposure. I t has the advantages that i t 
i s simple to perform and to analyse the films and that the 
specimens do not require any special preparation. This meant 
that i t was possible to examine material as received from the 
manufacturer. 
RESULTS. 

Each exposxire gave information about the orientation 
of the specimen, the s t r a i n present i n the specimen and the 
presence or otheirwise of polycrystalline material, referred to as 
mosaic, structure, at the position on the specimen where the 
X-ray beam was incident. I f the volume illxjminated was good 
dagle c r y s t a l l i n e material then good sharp images were produced 



A SECTOR DISC PHOTOGRAPH 
„ FIGURE 3. 

A PHOTOGRAPH OF GOOD J-iATERIAL 
FIGURE 4. 
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on the film, figure U' The dimensions of the images agreed 

with those predicted from the geometry of the system. The angle 

between the direction of the incident beam and the direction of 

the c-axia was calculated from measurements of the film-sample 

distance and the position of the image due to the (0003) plane. 

This was done i n preference to using a Greninger chart 

(Barrett, 1952) because i t gave more accuracy. I f s t r a i n was 

present i n the material t h i s was revealed by asterism of the 

images. No quantnlstive measurements were made of t h i s . 

The presence of mosaic structure was revealed when a 

single image from one set of planes broke up into several 

separate images due to the presence of several c r y s t a l l i t e s 

each s l i g h t l y misorientated with respect to i t s neighbours, 

figure 5. The angle of misorientation between two adjacent 

elements was calculated using a method based on figure 6. Q* and 

R» are the images produced by the plane ( h k i l ) i n neighbouring 

c: r y s t a l l i t e s . A and B are the images produced by the (0003) 

plane i n the neighbouring c r y s t a l l i t e s . Normally they were 

not v i s i b l e on a photograph because they were formed near to the 

centre of the f i l m and were obscured by the collimator. The 

perpendicular to the (0003) plane i s the crystallographic c-axis. 

I t i s assumed for t h i s calculation that the c-axis of one of the 

c j ? y s t a l l i t e s i s perpendicular to the film. This assumption was 

r a r e l y correct but the cn^xes were never more than two or three 

degrees from the perpendicular so i t i s a reasonable 

approximation to make. 



A PHOTOGRAPH OF MOSAIC 
MATERIAL 
FIGURE 5. 
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A set of spherical coordinates i s constructed such 
that Oz i s perpendicular to the film, the plane Ox Oz contains 
the other c-axis which i s not perpendicular to the film and 
the plane Oy Oz contains the X-ray beam producing the image Q». 
Thv X-ray beam producing the image A i s translated into the 
beam producing the image B by a rotation of angle ^ about Oy. 
The beam OR which i s reflected from the ( h k i l ) plane i n the 
second c r y s t a l l i t e can also bd found by making a suitable 
rotation of ̂  about Oy from the direction OQ. R and Q are 
on the surface of a cone which has Oy as i t s axis 

A 
of symmetry and RP2 ^ • From figure 6 

A 
o( = ^ 2.1 

where ̂  = ROQ = R»OQ and ^ = AOQ». ^ and ̂  can be calculated 

from measurements of the film-sample distance, AQ» and R»Q». 
From the elementary property of reflections which 

states that the angle of deviation of a beam increases i n 
magnitude at twice the rate of increase of the angle of 
incidence, the variation i n the c-axis direction between two 
neighbouring c r y s t a l l i t e s , the mosaic misorientation, i s 

Q» s a t i s f i e s the requirement of being i n the plane 

Oy Oz when AQ»R» i s a right angle. Images which s a t i s f i e d 

t h i s requirement were chosen by inspection of the photographs. 

A simple case of 2.1 occurs when ̂  = 0°. Then the images 

Q» and R» l i e on a radius of the collimator hole. In t h i s 
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p a r t i c u l a r case OQ need no longer be i n the plane Cy Oz. I f 
the tangential or r a d i a l distribution cannot be observed on 
a photograph the existing mosaic may be resolved into tangential 
and r a d i a l components and the resultant taken. This can be 
done because the angles <̂  and ^ are small. (See figure 7 
which shows a s i m i l a r situation i n the case of c-axis 
misorientations.) 

Examination of a s e r i e s of specimens showed that 
good single cryat&l material and poor mosaic material could 
e x i s t i n neighbouring regions i n the same specimen. Figure 3 
shows t h i s . The exposures i n the figure were about 3 nmi apart 
on the same specimen. I t was observed that even between two 
regiona of good material there was a misorientation between the 
c-axis directions at these two positions. 

Figure 7 shows the method used for the calculation 
of the c-axis niisorientation between two positions. G and H 
are the positions of the image produced by the (0003) plane 
at two different positions i n the sample. Normally the images 
were obscured by the collimator so t h e i r positions had to be 
found by construction from the zones revealed on the film. The 
X and y axes are constructed i n any convenient position as only 
differences i n coordixiates are required. The coordinates 
x-j^, ŷ ,̂ Xg, yg and the film-sample distance OS are measured. 

Fhen GSH •=»/( (x^ - x ^ ) ^ + (y^^ - y2)^)/0S, 2.2 

and the c-axis misorientation i s *GSH. This calculation assumes 
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that G and H are close to 0 and that t h e i r separation I s much l e s s 
than the distance OS. I f the f i r s t asaumption i s not cofrect then 
OS must be replaced by ST. This was done i n those mosaic 
misorientation calculations where the misorientation was resolved 
into r a d i a l and tangential components and then compounded again. 

Tables 1 to 4 show t y p i c a l r e s u l t s for the c-axis 
misorientation between neighbouring regions of a specimen and for 
the mosaic misorientation at various positions i n a specimen.^ 
The accuracy of the r e s u l t s did not depend on t h e i r magnitudes. 
For values of c-axis misorientation the error was + 25* and for 
mosaic misorientation the error was + 15'• These errors are for 
the 3 cm film-sample distance. Measurements made with the 5 cm 
distance reduced the two wrrors to about two-thirds t h e i r former 
values. Because of these magnitudes i t seems best to regard those 
values of c-axis misorientation below 1° and of mosaic 
misorientation below 45' as order of magnitude only. Figures above 
these values are more r e l i a b l e . Their r e l i a b i l i t y was checked i n 
some cases by repeating some measurements. 

Several subsidiary experiments were performed i n order to 
support the main experiments. These included experiments to check 
the location of the f i l m i n the holder, the location of the 
collimator and the a b i l i t y to set up the system so that a desired 
position cotild be viewed. Also the dimensions and shape of the 
collimated X-ray beam were checked. The most important subsidiary 
experiments were those designed to investigate possible surface 
ef f e c t s on the specimens. Each exposure investigated only a small 
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volume of the specimen at and immediately below i t s surface. I f 
any surface effect existed the r e s u l t s obtiined would not be 
representative of the bulk of the specimen around that particular 
volume. Any surface layer which was present would be revealed 
by dissolving i t away and comparing X-ray examinations made before 
and a f t e r the chemical action. This experiment was performed 
on the natural growth surfaces of the specimens, on surfaces 
prepared by cutting with a diamond wheel and on surfaces prepared 
by grinding with a diamond grinding wheel. About 0«lmm depth of 
the sufface was removed by boiling the samples i n potassium 
hydroxide for two hours. Examination of the X-ray photographs 
showed that for as grown surfaces and surfaces prepared by 
cutting there was very l i t t l e difference from before to after the 
chemical preparation of the surfaces* An improvement i n the 
stiTUcture would have demonstrated that a damaged su r f a c e layer 
had existed and had been removed by the chemical. This was 
observed i n the case of surfaces prepared by grinding when 
powder was formed on the surfaces and gave arcs of powder rings 
on the X-ray photographs, A deterioration i n the structvire would 
not have demonstrated conclusively the presence of a surface layer 
due to the handling of the surface because i t seems most unlikely 
that any of the methods used to prepare the surfaces would 
produce a layer of perfect material on top of a region of poor 
material. 

The main experiments provided information on several 
different points. A sequence of measurements was performed to 
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study the effects of various types of heat treatment on the 
specimens. Another set of experiments was designed to provide 
informatin on the d i s t r i b u t i o n of defects throughout certain types 
of loaterial while other measurements were made on rubies and 
corimdum grown vd.th t h e i r c-axes at various angles to the grovrtih 
direction. 

Every measuronent made gave some information on the 
di s t r i b u t i o n of c-axie misorientation and mosaic misorientation 
throughout the various boules examined, but two of the 0® growth 
direction boules were examined i n more d e t a i l concerning t h i s point. 
Boule IB was cut into s l i c e s perpendicular to the c-axis and 
several of these examined i n d e t a i l , table 1. Five exposures were 
made covering a distance of 5 mm p a r a l l e l to the growth direction, 
i n a position midway between the centre and the surface of the boule. 
There were traces of arcs of powder rings on one exposure because 
the surface had been ground. None of the other exposures showed 
any structure. The r e s u l t s gave no indication of the c-axis 
misorientation along t h i s l i n e . One s l i c e v;as examined along a 
l i n e perpendicular to the radius of the boule about one-third of 
the way from the centre of the boule. This investigation revealed 
mosaic misorientation near the natural faces of the boule. There 
was a s l i g h t crack i n the material and X-ray examinfcion revealed 
misorientation across i t . This examination was carried out on 
Tonannealed s l i c e s of the specimen. 

Boule 319 was examined throughout as shown i n figure 6. 

Also the natural faces (0001), (lOlO and - 1120 were examined. 



Table 1 

X-Ray Results 

Boule IB, 0*̂  growth direction ruby, chromivim concentration 

unknown. 

Photograph o i 4 « » Mosaic C-axis p«rt+T,«+-*» Sli'̂ ® misorientation misorientation f^oo^^^ote 

1 
2 
3 
4 
5. 
6 
7a 
7b 
7c 

9 
10 
11 
12 
13a 
13b 
13c 

IBbl 
IBbl 
lBb2 
lBb2 
lBb3 
lBb2 
lBb2 
lBb2 
lBb2 
i B b l 
IBbl 
lBb2 
lBb2 
lBb2 
lBb2 
lBb2 
lBb2 

s l i g h t arcs 
none 
none 
none 
none 
1° 0« * 

0 ° 30 ' * 

none 
0 ° 30 ' * 

s l i g h t arcs 
none 
none 

0 ° 30 ' * 

1° 0' * 

0 ° 15* * 
none 
1° 0» * 

7a-7b 0*̂  
7b-7c 1̂  
7a-7c o' 

15' 
0« 
45' 

13a-13b 0̂  
13b-13c o' 
13a-13c 0* 

45' 
30» 
15' 

A 
A 
A 
A 
A 
B 
B 
B 
B 
C 
D 
E 
F 
G 
H 
H 
H 

^Values with l e s s accuracy than quoted i n the text. 7a, 7b, etc. 
r e f e r to sectors a, b, etc. of photograph 7. A. tJnannealed 
s l i c e s , the photographs taken along a l i n e p a r a l l e l to the growth 
direction. B. Unannealed s l i c e , the photographs taken on 
a plane perpendicular to the growth direction. C. and D. 
S l i c e annealed at 1700°C for 24 hours. C. Compare with 
photograph 1. D. Compare with photograph 2. E, F, G 
and H. S l i c e annealed at 1900*^0 for 24 hours. E. Compare 
with photograph 3« F« Compare with photograph 4. 
G. Compare with photograph 6. H. Compare with the sectors 
of photograph 13 the equivalent sectors of photograph 7. 
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The r e s u l t s for mosaic misorientation only are included i n table 
2 because of the larger inaccuracy of the determinations of the 
c-axis misoricntations. A quantitative map of the c-axis 
misorientationa would have required the addition of several values 
which would have rapidly increased the error u n t i l the f i n a l figure 
had an error of several htmdred per cent. Qualitatively, however, 
i t was observed that the c-axis followed a corkscrew path along the 
boule. I t i s to be noted that the seed c r y s t a l had mosaic structure, 
but at the plane where the doping with chromium commenced there 
was vez*y l i t t l e mosaic. After t h i s plane the mosaic increased 
again. This boule had been annealed at 1900*^0 for about 2k hours. 

One s l i c e of boule IB, IBbl, was annealed at 1700°C 
for about 24 hours and examined af t e r the treatment. The images 
on the f i l m were sharpened s l i g h t l y indicating' a reduction i n the 
amount of s t r e s s i n the c r y s t a l , but, apart from t h i s , there was no 
obvious improvement of structure due to the annealing. A second 
s l i c e of the boule, lBb2, was examined a f t e r annealing at 1900°C 
for about 24 hours. The distribution of the c-axis misorientation 
and of the mosaic saiisorientation was altered by the annealing, but 
there was no sign of an improvement. The natural faces of boule 
319 were examined before i t was annealed, and, i n t h i s case also, 
no improvement i n the c r y s t a l structure was noticed after the 
annealing. These measurements are also recorded i n tables 1 and 

Boules IB and 319 were 0° growth direction boules. 



Table 2 
X-Ray Results 

Bbule 319 , 0° growth direction ruby, chromium concentration 

unknown. 

Photograph 

14a 

14b 
14c 
15a 

15b 
15c 

Mosaic 
misorientation 

2° 20' 
2° 01 

2° 5* 
2° 40' 
2*̂  35» 
none 

C-axis 
misorientation 

14a-14b l * ' 35' 
14b-14c 1° 45' 
14a-14c 3° 10» 
15a-15b 2° 10» 
I5b-15c 1° 10» 
15a-15c 1° 55» 

Footnote 

I 
I 
I 
J 
J 
J 

14a, 14b, etc. are sectors a, b, etc. of photograph 14. 
I . Photographs of the natural (0001) surface of the 

unannealed boule. 
J . Photographs of the natural (0001) surface of the boule 

a f t e r annealing at 1900°C for 24 hours. Compare the 
sectors of photograph 15 with those of photograph 14 

Qualitative study of the natural faces (lOloj and {1120 , 

Each face was examined i n one position only. Annealing 
had very l i t t l e effect on the mosaic structure of two 
faces, i t removed mosaic structure from two faces, 
caused mosaic structure on one previously clear face 
and worsened the mosaic structure on one face. 

P.T.O, 
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Detailed examination of boule 319 after annealing. 

Reference i n figure 8 (fosaic misorientation 
A 0^ 40» 
B 1° 25» 

C 2° 20» 
D 0° 40» 
E 0° 35' 
F 2° 40» 
G 1^ 20» 
H 1° 10» 
I 2*» 30» 

J 0° 
K 2^ 45' 
L 2° 501 

M 0° 
N 0° 15' 
0 0° 15' 
P 0° 55' 

From the qualitative study above, four of the s i x 
faces flOlO and {1120] showed mosaic structure at 
the one position txam'iiafed"on- each"face: 
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Table 3 includes measurements made on rubies grown at growth 
angles of 73** ftnd 9 0 ° as well as including a further selection 
of t y p i c a l r e s u l t s for 0** growth direction rubies. Table 4 
contains the r e s u l t s of measurements made on corundum grown at 
angles of Qr , 7 3 ° and 9 0 ° . From the tables i t can be seen that 
the values of the c-axis misorientation and the mosaic 
misorientation were of similar orders of magnitude throughout the 
materials examined. No detailed examination of the effects of 
annealing or the distri b u t i o n of defects i n the 7 3 ° and 9 0 ° 

rubies and the 0 ° , 7 3 ° and 9 0 ° corundum c r y s t a l s was made. Only 
one exposure from nine made on c r y s t a l s grown i n the 9 0 ° 

orientation showed mosaic while i n the 7 3 ° orientation c r y s t a l s 
the nvunber was three from nine. Both these ratios are much 
smaller than that foxmd i n the 0 ° growth direction cirystals. 
DISCUSSION. 

The X-ray r e s u l t s agree quite well with those obtained 
by J.R, Prior (private communication). He used the Guinier-
Tennevin technique which gave more accuracy and allowed him to 
investigate a large voliunQ of material at one time. He noticed 
that the difections of the c^axia i n a volume of material tend to 
form a cone. This was not observed i n these measurements because 
of the small volumes involved, but the apparent s p i r a l i n the 
c-axis observed i n bovile 319 f i t s i n with the description i n 
terms of a cone. 

In the 0 ° c r y s t a l s the regions of good or bad material 



Table 3. 

X-Ray Results. 

General r e s u l t s for rubies 

A B C D E F G 

297 l6a 
16b 
16c 

none 
none 
1° 45 ' 

I6a-l6b 
I6b-I6c 
I6a-I6c 

Oo 
0^ 

15' 
30» 

unknown 0^ unannealed 

337c 17a 
17b 
17c 

none 
none 
none 

17a-17b 
17b-17c 
17a-17c 

ol 
0° 

50» 
55' 
10» 

0.052% O*' 1930°C 

337c Ida 
18b 
18c 

0*̂  40« 
none 
none 

I8a^l8b 
I8b-I8c 
I8a-I8c 

0° 

I' 
40' 
5' 
5' 

0.052^5 0° 1930°C 

337a 19a 
19b 
19c 

none 
none 
none 

19a-19b 
19b-19c 
19a-19c 

So 
10» 
40 ̂  
3 5 ' 

0*052^^ 0^ 1700°C 

337a 20a 
20b 
20c 

none 
none 
0° 30* 

20a-20b 
20b-20c 
20a-20c 

Oo 0^ 
0° 

45' 
20» 
40« 

0° 1700°C 

G2a 21a 
21b 
21c 

0° 10 ' 

0° lOV 

21a-21b 
21b-21c 
21a-21c 

0° 
1° 
1° 

40' 
0» 
10' 

0 '02 to 
0 . 0 3 2 ^ 

0° unannealed 

G2a 22a 
22b 
22c 

0° 55' 
0° 15' 
or 20« 

22a-22b 
22b-22c 
22a-22c 

0^ 
0° 
0° 

20» 
30» 
25» 

0 '02 to 
0.03256 

0° vmazuiealed 

344a 23a 
23b 
23c 

0° 50 • 
none 
1^ 10 ' 

23a-23b 
23b-238 
23a-23c 

Oo 
0° 

25J 
30 
45' 

0.025; 0^ \maiuiealed 

344a 24a 
24b 
24c 

none 
none 
none 

24a-24b 
24b*24c 
24a-24c 

0° 2 5 ' 
25 ' 
10» 

0.025^ 0° vmannealed 

P.T.O. 
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A B C D E F Ci 

492a 25a noiie 25a-25b 0 ° 20» unknown 7 3 ° unknown 
25b 0 ° 30» 

492b 26 0 ° 15* 26-27 0 ° 30« * unknown 7 3 ° unknown 
27 none 

461a 26 none 26-29 0 ° 30« * unknown 9 0 ° vinknown 
29 nohe 

461b 30 none 30-31 1° 30» * luiknown 9 0 ° unknown 
31 none 

l6 a , l6b, etc. r e f e r to sectors a, b, etc, of 

photograph 16. 
* These measurements were made along a diad axis 
perpendicular to the c- ^ x i s . 
A. Specimen; 
B. Pho.tographj 
C. ttoaailc miaorientation; 
D. C-axis mieorientationj 
E. Chromium concentration, weight per cent; 

F. Growth direction; 
G. Previous heat treatment of the sample, the 

temperatvires are those at which annealing has 

been performed. 



Table 4. 

X-Ray Results. 

General r e s u l t s for corundum (undoped AlgO^) 

B 
421a 32a none 32a-32b 1 .6' 

32b 1" 25» 

421b 33 0" 50» 33-34 2" 15» 
34 2 ° 15* 

420a 35a none 35a-35b 0 ° 
35b none 

420b 36a none 36a^36b 0 ° 10« * 
36b none 

426a 37a none 37a-37b 1° 10* 
37b none 3 7 b « 3 7 c 0° 30• 
37c none 37a-37c 1 30» 

426b 36 none 3^-39 0 ° 30» * 
39 0*̂  15» 

423a 40a none 40a-40b O"; 35* 
40b none 40b-40c 0 ° 55* 
4.0c none 40a-40c 0 40• 

423b 41 cone 41-42 1 ° 0» * 
42 0° 25« 

E F 

0 ° unknown 

0 ° imknown 

0 ° unknown 

0 ° unknown 

7 3 ° unknown 

7 3 ° unknown 

9 0 ° unknown 

9 0 ° unknown 

3 2 a , 32b, etc. are sectors a, b, etc. of photograph 32 . 

* These measiirements were made along a diad axis 

perpendicular to the c^axis. 

A. Specimen; B. Photograph; C. Mosaic 

misorientation; D. C-axis misorientation; 

E. Growth direction; F, Previous heat 

treatment of the sample. 
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apparently extend p a r a l l e l to the growth direction. This indicates 
that they probably originate i n or near the seed. Boule 319 was 
the only boule examined where t h i s effect was looked for, and the 
res u l t was rather inconclusive. In t h i s boule a plane of good 
material was foxmd between the mosaic seed c r y s t a l and the mosaic 
boule. I t may be that the dislocations i n the region immediately 
around the seed did not form grain boundaries and polycrystalline 
material because i t i s such a small region and large temperature 
gradients could not form across i t . When the boiile became 
larger temperature gradients may have formed which encouraged 
the formation of polycrystalline material. Another possible 
explanation i s that the chromivun ions formed the mosaic structure, 
but t h i s i s not supported by the work on corundxam or the etch 
p i t studies to be described i n chapter three. Further discussion 
of t h i s i s postponed u n t i l l a t e r . 
CONCLUSIONS. 

The experiments show that the boules of ruby or of 
GoruiK^uja examined consisted of a main l a t t i c e over which the 
c-axis may change direction by up to 3° and superimposed on t h i s 
l a t t i c e a random distri b u t i o n of mosaic structure with up to 
3° spread between the components. There did not seem to be any 
re l a t i o n between the mosaic structure and the c r y s t a l l a t t i c e of 
the boules. When mosaic structure occurred near the natural 
surfaces of the boules i t was usually more marked tlian when i t 
occurred i n the bulk of the material. The figures for the 
incidence of mosaic i n boules of the three different growth 
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directions seem to indicate that the 9 0 ° c r y s t a l s contain 
l e s s mosaic than the 7 3 ° c r y s t a l s which i n turn contain l e s s 
than the 0 ° c r y s t a l s . This conelueion i s supported i n part 
by J.R.Prior, see chapter three. I n the one case examined 
the exact relationship between the structure of the seed c r y s t a l 
and the boixle was not immediately obvious. For the 0 ° growth 
direction boules annealing caua,ed a rearrangement i n the 
d i s t r i b u t i o n of the c-axls misorientations and the mosaic 
structure but'it did not improve either. I t did, however, 
improso the handling q u a l i t i e s of the material by removing 
some of the st r e s s caused by the growth process. I t appears 
that i n 0 ° boulea a better impression of the quality of the 
c r y s t a l s was obtained by examining i n a plane perpendicular 
to the growth direction rather than i n a plane p a r a l l e l to the 
growth direction. In t h i s type of c r y s t a l t h i s plane i s also 
the easie s t to examine. 
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CHAPT-BR THSEE 

• • ., .ETCHIN-S .STUDIES 

Experimental technique; r e s u l t s of measurements; 

correlation between etch p i t s and dislocations; 

discussion of t h i s work and i t s relation to 

that of other workers; conclusions. 

EXPERIMENTAL TECHNIQUE. 

The method \xsed to etch the rubies was based on that 

described by Scheuplein and Gibbs ( I 9 6 O ) . The (0001) face was 

polished using diamond impregnated grinding wheels. Several 

wheels were used, each succeeding v^eel having a fi n e r grade of 

diamond than the one before. The polished specimens were cleaned 

by Immersing them for several houu:*sin benzene and then i n n i t r i c 

acid and f i n a l l y by.washing i n d i s t i l l e d water. The etching 

was performed i n orthophosphoric acid (905^ A.R.) by placing them 

i n the acid, heating i t up to 320°C and then pouring away the 

acid Immediately that temperature was reached. Before washing 

the remaining acid away with d i s t i l l e d water the specimens were 

allowed to cool for several minutes. Examination with a 

microscope revealed etch p i t s . 

In order to obtain the best r e s u l t s , i t was important 

to f i n i s h the etching as close to 320*^C as possible, so, to 

ensure t h i s , the correction term for the exposure of the stem 

of the thermometer was applied to i t s readings. I t was 

necessary to orientate the samples accurately before polishing 
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them because etching did not take place i f the polished surface 
was more than 5° from the (0001) plane. Care had to be taken to 
avoid sudden changes i n temperature, especially with imannealed 
specimens, which could cause cracking i n the c r y s t a l s , 
Unfortiuiately the polishing process l e f t scratches on the 
surfaces of the specimens which eometimes hid structure which 
would otheiwise have been revealed by the etching. Scheuplein 
and Gibbs were &6e to remove these scratches by heating th e i r 
samples for a few seconds at 1600°C, but t h i s was not desirable 
here due to the danger of cracking the samples and because such 
treatment would a l t e r the heat history of the specimens. This 
l a s t point was of i n t e r e s t i n the work described here, 
RESULTS 

The etch p i t s were triangular i n shape with sides 
p a r a l l e l to [lolo] , figure 9. Using a microscope with an 
interference objective the depths of the pit s were measured as 
close to 5 microns. Figure 9 shows a sample with a random etch 

5 2 p i t density of 2.10-^ etch pits/cm , 
Besides a random distribution of etch pits there 

were also rows of etch p i t s , figure 10, presumably related to 
rows of dislocations forming grain boundary walls, which had 
l i n e a r densities estimated to be up to 5.10"̂  etch pits/cm. 
Including the rows of etch p i t s i n a region increases the t o t a l 
etch p i t density to about three times the reindom etch pit density. 

There were about 3*10^ rows of etch p i t s per cm^ , The l i n e a r 



A PHOTOCKAPH OF ETCH PITS RANDOMLY DISTRIBUTED (Xl60) 

FIGURE 9. 

A PHOTOGRAPH OF ROWS OF ETCH PITS (Xl60) 

FIGURE 10. 
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dimensions of the grains, that i s the areas bounded by the li n e s 
of etch p i t s , ranged from millimetres to microns with the median 
value i n the range l o " to 10"*̂  cm. The l i n e s of etch pit s were 
p a r a l l e l to the |ll2o} directions and intersected at close to 
60° revealing the underlying symmetry of the c r y s t a l s . These 
detailed figures are for the various specimens of ruby grown i n the 
0° growth direction which are l i s t e d i n table 5. Also included i n 
t h i s table are the random etch p i t densities for rubies grown i n 
other orientations and for corundum c r y s t a l s grown i n the three 
main orientations. There are no re s u l t s for the t o t a l etch p i t 
density or the density of etch p i t walls for t h i s second group of 
ruby samples or for the corundum samples. I t i s believed that the 
chromium concentrations of those rubies whose concentrations are 
recorded as ujiknown were below 0«1^ . The error i n a l l the figures 
i n the table i s about - 15^ . 

No attempt was made to examine the dislocations due to 
basal s l i p , nor to correlate those due to prismatic s l i p which 
were examined with the underlying c r y s t a l structure. 

The fused potassium hydroxide, used to prepare the 
surfaces of samples for X-ray work, attacked the i r surfaces more 
strongly than the orthophosphoric acid. Occasionally etch pit s 
were seen as a re s u l t of t h i s attack, even on previously 
unpolished specimens, but th e i r occurrence seemed to depend on 
chance and no attempt was made to use i t as an etch for examining 
dislocations. The potassivim hydroxide removed material at a mean 



Ruby. 

Table 5. 

Etching Results. 

A B C D 
(1) 

E 
(2) 

G2a 0° ann 1700 0*02 to 
0-032 

2-3 2.9 

G2b 0° ann 1700 0-02 to 
0-032 

2-0 2-0 

337b 0° ann 1700 0-052 1-7 2-7 
337c 0° ann 1930 0-052 2-3 2-7 
344a 0° unann 0-02 1-0 1-1 
344b 0° unann 0-02 1-6 1-a 
497 75°̂  unknovm xmknovm 1-3 1-6 
461b 90 unknovm unknovm 1-4 -

Cortindum. 
420a 0° unknovm none 1-1 0-9 
430 73° unknovm none 1-3 1-4 
423a 90° unknovm none 0-7 0-9 
512 90° h.t. ann none 1-6 

A. Specimen; B. Growth orientation; C. Previous heat 
treatment, ann means annealed, unann means unannealed, 
h.t. ann means annealed at high temperature i n the grovdng 
furnace, and the figures are tranperatures i n °C; D. Chromium 
concentratbn i n weight per cent; E. Random dislocation 

5 2 
density, a l l figures are to be multiplied by 10 /cm , (1) and 
(2) r e f e r to values at two different positions on the sample. 

An eactra value of the random dislocation density obtained 
at a t h i r d position. 
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rate of 0*001 in/hour p a r a l l e l to the c-axis and at a mean rate of 
0.002 in/hour perpendicular to the c-axis. This i s i n agreement 
with E l l i s ' s second requirement for the production of etch pit s 
on the (0001) face ( E l l i s , 1955). 
THE CORRELATION OF ETCH PITS WITH DISLOCATIONS. 

I f there i s a one to one correspondence of etch p i t s 
to dislocations then the figures quoted above for etch pit 
densities are also the figures for the dislocation densities* 
I t i s assumed here that t h i s correspondence does exist and that 
the figures i n table 5 do represent dislocation densities. The 
main j i s t i f i c a t i o n for t h i s assumption i s that Scheuplein and 
Gibbs, using a si m i l a r techniquei obtained similar patterns of 
etch p i t s and values of etch p i t densities to those obtained 
here, and they were able to demonstrate the one to one 
cot'respondence by means of a se r i e s of subsidiary experiments. 

Further support for the assumption was obtained from 
the X-ray studies. Each X-ray photograph whidi showed mosaic 

structure gave information on the number of grains forming the 
mosaic structure i n the volume irradiated by the X-ray beam 
and on the angle of misorientation of one grain with respect to 
it:s neighbotir. Knowing the diameter of the X-ray beam when i t 

-2 
struck the c r y s t a l , the value most frequently used was 9.10 cm, 

an estimate could be made of the li n e a r dimension of the grains. 

The values calculated correspond to the higher values of grain 

s i z e measured by the etching technique. The X-ray method was 
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not senaitivo ftnough to d«t«ct emftller values of grain aise. 
Usinc the VA1U« of the angiaar ai«©rient*tion, °( , between 
neighbouring graine *iid the l i n e a r dimeneione of the graine, t , 
obtained from an X-ray photograji^i, an eetiiaate of the 
dii»loc&tion deneity, I n the neighbouring grains can be aade by 
means of a formula due to Hirseh (195d), 

D = o</Bt. 3.1 

The mosaic misorientations observed by the Z-ray technique were 

due to basal s l i p so the value of B, Burgers vector, i s 

4*75 Angstrom units (Scheuplein and Gibbs, I960), Values of D 

caloulated from X*ray photographs of some of the ruby specimens 

examined by the etching technique were about 3.10^ dislocations 

per cm . These values agree reasonably well with the expected 

values which for the basaJ. s l i p system of dislocations are about 

an order of magnitude greater than for the prismatic s l i p 

8yst<»a of dislocations. 

Scheuplein and Gibbs state that the minimum teaperature 

required for generation of prismatic s l i p dislocations i s 2000°C 

v ^ c h meant that attempts to produce dislocations on the (0001) 

surface by piercing i t with sharp points or by scratching i t were 

unlikely to succeed. When severel scratch marks were made on 

the surface of a specimen with & diamond no dislocatioaa were 

observed which orould d e f i n i t e l y be connected with the scratches. 

Woods (1960) suggested using the intersection of three 
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grain boundaries, as revealed by l i n e s of etch p i t s , to 
es t a b l i s h the correlation between etch p i t s and dislocations. 
I f there i s a one to one correspondence and p,q and r are the 
l i n e a r etch p i t densities i n the three l i n e s of etch p i t s 
then 

p ~ q + r. 3.2 
Most of the intersections examined on the rubies showed 
approximate agreement with 3.2 but owing to the high density of 
etch p i t s i n the l i n e s i t was d i f f i c u l t to find any clear 
threefold intersections from which defi n i t e conclusions could be 
drawn. 

The assumption of a one to one correspondence i n the 
case of the samples investigated i s not d i r e c t l y contradicted by 
any of the above measurements. 
DISCUSSION. 

Table 5 shows that there was no large difference between 
the random dislocation densities of the ruby and corundum samples 
examined. I t appears from t h i s that the inclusion of 0*05 or 
l e s s of chromium i n the growth process of ruby does not introduce 
extra dislocations. This i s supported by some work performed 
by D.R. Mason (private communication). He etched a ruby and 
the seed from which i t had been grown and found that both had 
dislocation densities about 10"̂  dislocations/cm . Thus i t was 
possible to attribute a l l the dislocations i n the ruby to 
propagation from the seed c r y s t a l and no extra mechanism of 
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formation of dislocations was required. 
Prior (private communication) observed that the density 

of walls per unit area on the surfaces of 90° growth direction 
c r y s t a l s was very low. This supports the conclusion drawn from 
the X-ray r e s u l t s of the previous chapter concerning the 
incidence of mosaic structure i n these c r y s t a l s . Unfortunately 
no measurements of the density of walls on the 90° samples 
examined i n t h i s vrork were made. The number of walls per unit 
area i n any sample may be a more important parameter than the 
random dislocation density i n any attempt to correlate 
relaxation times or linewidths with physical defects as the grain 
boundaries are more prominent defects than single dislocations. 

The growth angle of 73° which has been used to grow 
some of the c r y s t a l s corresponds to the angle 73° 24» between 
the c-axis and the normal to the [l01l( faces. Edge dislocations 
of the basal s l i p system intersect these faces. The boules grown 
i n t h i s growth orientation are usually larger than those grown 
i n the 0° orientation. This may be explained by the larger 
number of dislocations i n the basal s l i p system than i n the 
prismatic s l i p system which makes the growth process easier and 
more rapid. The c r y s t a l s grown i n the 90° orientation are 
usually smaller than those grown i n the other two directions and 
t h i s may be explained by the fact that there i s no set of edge 
dislocations i n t h i s direction to aid the growth. 

The etching work of Scheuplein and Gibbs on the 
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polygonisation of corumdum c r y s t a l s seems to offer an explanation 
to two points of the previous chapter. They observed that 
mosaic structure was formed when stress was applied to a c r y s t a l 
while i t was maintained at about 2000°C and afterwards annealed 
at 2000°C, Polygonisation also occurs when the c r y s t a l s are 
stressed while they are cooling rapidly from ZOOO^C and are then 
annealed at 1900°C. The f i r s t of these processes could quite 
e a s i l y occur i n a growing boule. The stresses i n the boule could 
be produced by the weight of the boule and i t s constraint at 
the intersection of boule and seed c r y s t a l , but they are more 
l i k e l y to be caused by temperature gradients across i t . A boule 
grown i n a p a r t i c u l a r orientation has a s i z e and shape 
c h a r a c t e r i s t i c of the orientation employed. These characteristic 
foms, combined with the s l i g h t anisotropy i n the thermal 
conductivity i n ruby, produce different patterns of temperature 
gradients and thermal stresses i n the boules. Qualitative 
considerations confirm that the 90° growth boviles grow under the 
l e a s t s t r e s s and so have the le a s t polygonisation. This was 
shown by experiment. This process of polygonisation probably 
explains why the detailed X-ray examination of boule 319 
revealed a plane of good single c r y s t a l material between the 
boule and the seed c r y s t a l , both of which contained mosaic 
structure. The o v e r a l l length from the plane to the t i p of the 
seed c r y s t a l was only I..3 cm. The thermal stresses over t h i s 
distance were probably much l e s s than those over the whole length 

of the boule, i.-6 cm, and so there was more likelihood of 
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polygonisatlon occurring i n the larger volume of the boule than 
i n the small region close to the seed c r y s t a l bounded by the 
clean plane. 

The factor of four between the smallest and largest 
values of the random dislocation density i n table 5 i s to be 
expected, Scheuplein and Gibbs reported values for the prismatic 
s l i p system from 10"̂  to 10^ dislocations/cm . Any attempt to 
put another explanation on the values i n table 5 would be of 
doubtdTul v a l i d i t y because the previous heat treatment of several 
of the samples i s unknown. 

The work described i n chapters two and three combined 
with the r e s u l t s of work per<formed by Thorp and Mason form the 
l e t t e r included as appendix one (Thorp et a l . , I964). 
CONCLUSIONS. 

For the samples examined the random etch p i t density 
about lO"' etch pits/cm . The mode value i s i n the range 

10^ to 2.10^ etch pits/cm^, while the extreme values are 7*10^ 
5 2 and 2*9.10 etch pits/cm . Support for the correspondence 

between etch p i t s and dislocations was obtained from the X-ray 
work so the figures i n table 5 are the values of the random 
dislocation density i n the samples* These samples included 

corundum and ruby so the r e s u l t s support the conclusion that 
the inclusion of chromium i n the growth process does not 
introduce extra dislocations. The different sets of edge 
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dii»loe&feion» in the beulee tsud the i^lygoxiiMtloa proeeM 
descf^bed by Scheupleia aitd ^bb« torn the basis of an eacplaaatloa 
of th« £ % a i < ^ structiire of the boulee a» reireeled by the 
X*rar ^tehin^ work. 
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CHAPTER FOUR. 
LINEWIDTHS. 

Line broadening mechanismsj explanation of 
basic linewidth i n rubyj prediction of extra 
broadening due to imperfections; conclusions. 

LINE BROADENING MECHANISMS. 

The l i n e broadening mechanisms can be c l a s s i f i e d 
according to the type of l i n e they produce or according to the 
type of mechanism which produces the l i n e . In the f i r s t 
c l a s s i f i c a t i o n the mechanisms are called homogeneous i f they 
produce broadening throvighout a l l the l i n e and inhomogeneous i f 
they produce broadening through part of the l i n e only. An example 
of the other type of c l a s s i f i c a t i o n i s to divide the mechanisms 
into the following divisions. 

1. Mechanisms which l i m i t the lifetime of the states of 
the system. 

2. Mechanisms which cause a spread of the values of the lo c a l 
magnetic f i e l d at the s i t e s of the ions. 

3. Broadening produced by the spectrometer. 
k. Other mechanisms. 

In division 1 are included the nattu-al linewidth and the 
s p i n - l a t t i c e relaxation mechanisms. The natural linewidth can be 
estimated from Heisenberg's uncertainty principle. Spontaneous 
emission l i m i t s the lifetime of the state which leads to an 
uncertainty i n the energy of the state. This process produces 
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widths of only 10""^ c/sec which i n solids can be safely 
neglected. The phonon interactions which cause the s p i n - l a t t i c e 
relaxation broaden the energy l e v e l s and so contribute to the 
linewidths. The second d i v i s i o n includes interactions between 
nuclear magnetic moments ajid the paramagnetic ions and also 
interactions due to the presence of impiirities and imperfections 
i n the s o l i d . The t h i r d c l a s s includes inhomogeneities i n the 
magnetic f i e l d , distortions of the l i n e shape due to power 
saturation and due to the f i n i t e time constants or bandwidths of 
the associated electronic equipment. The other mechanisms include 
the dipole-dipole and exchange interactions between the 
paramagnetic ions. These two can be regarded as being a mixture 
of the f i r s t two divisions because each reduces the lifetime of 
ions at neighbouring s i t e s as we l l as producing a spread of 
magnetic f i e l d s at the s i t e s . 

The important mechanism here i s the one which produces 
a spread i n the values of the l o c a l magnetic f i e l d due to 
physical imperfections i n the c r y s t a l s . As already seen, the ruby 
c r y s t a l s contain dislocations and mosaic structure and i t i s 
desired to correlate these physical imperfections with linewidth 
measurements made i n ruby. I n order to do t h i s i t i s necessary 
to know how the other mechanisms affect the linewidth. 

The contribution due to s p i n - l a t t i c e relaxation i s 
approximately 1/T^ where T^ i s the sp i n - l a t t i c e relaxation time. 
The value of T^ for a l l the transitions at 77°K, the temperature 
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at which the work was performed i s Uk'lO"^ sec. Pace et a l , 
(1960), so the broadening due to t h i s mechanism i s 2.10 ^ c/sec 
which can be neglected compared to the t o t a l linewidth of about 
60.10^ c/sec. In the particular ruby samples used the impurity 

content was very low so there was no need to consider impurities 
as a source of linewidth. Care was taken to avoid the effects 
of. satiiration on the linewidths, see chapters f i v e and si x . Also, 
by a careful choice of bandwidths and time constants i n the 
electronic equipaent, most of the distortions due to these factors 

were eliminated, and those which remained were allowed for as far 

as possible, see chapters f i v e and si x . The magnetic f i e l d was 

homogeneous to one part i n fiv e thousand and stable to one part i n 
10^ i n time. These values mean that the magnet did not produce 

any distortions of the true l i n e shape. I t i s not certain how 
homogeneous the f i e l d due to the secondary c o i l s v;as, and t h i s i s 
also discussed i n chapters f i v e and s i x . 

The remaining mechanisms which have to be considered are 
the nuclear, exchange and dipole-dipole interactions. These three 

27 
interactions produce the basic linewidth i n ruby. The Al 
nuclei interacting with the Cr-' ions produce a width of 9*7 

53 
oersteds (Altshuler and Mneeva, I963) and the Cr nuclei, even 
though they are only 9-^° abtmdant, produce the long t a i l of 
the ruby l i n e s (Klyshko, I964). For some years the dipole-dipole 
interaction was regarded as the main source of the linewidth i n 
ruby, but the th e o r e t i c a l l y predicted values v/ere much larger than 
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the experimentally observed values (Manenkov and Fedorov, I96O). 
Recently two separate explanations of the basic linevrLdth i n 
terms of exchange interactions have been, put foi^nrard, one by 
Altshuler and Mineeva (I963) and the other by Klyshko (I964). 

Before considering the d e t a i l of these explanations 

i t may be worthwhile to consider the model of Anderson and Weiss 

(1953) which accounts for the broadening due to dipole-dipole 

and exchange interactions together. Their basic explanation did 

not include c r y s t a l f i e l d effects but they were able to include 

these effects roughly at a l a t e r stage. They assumed that the 

ion absorbs at one frequency which i s i n a certain range determined 

by the dipole-dipole interactions. The ab8orJ>tion frequency 

wanders at random over the range available to i t voider the 

influence of the exchange interactions. Thus the dipole-dipole 

interactions are continually interrupted and cannot exert the i r 

f u l l influence. Anderson and Weiss computed the general form of 

the lineshape for t h i s type of double mechanism and they 

predicted a lineshape with a central portion following a 

Loreritzian curve and the wings a Gaussian curve.. Alshuler and 

Mineeva and Klyshko based t h e i r calculations on the general 

theory of Pryce and Stevens for the evalviation of moments of 

the lineshape rather than on the ideas of Anderson and Weiss, 

but these ideas give a clearer picture than the work of Pryce 

and Stevens. The approach of the l a t t e r included the effects 

of the c r y s t a l f i e l d from the begiiming of the calculation. 
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Altshuler and Mineeva predicted the widths of the 
- i to +i t r a n s i t i o n at polar angles 0° and 55° and of the + i 
to +3/2 t r a n s i t i o n at 0°. (The polar angle i s the angle between 
the direction of the main magnetic f i e l d and the c-axis of the 
c r y s t a l . ) They predicted that the widths ought to depend on the 
concentration of the chromium ions. The calculations were based 
on the assumption of a Lorentzian lineshape and isotropic exchange 
interaction. The l a t t e r assumption implies that the spin-orbit 
coupling i s neglected. The exchange interaction was represented 
by an operator Ŵ ĵ^ given by 

where S^ and S^ are the spins of the ions at the s i t e s i and j 
and J ( r ^ j ) i s the exchange integral associated with the spins at 
s i t e s i and j , a distance r^^ apart. They assumed that J ( r ^ j ) 
could be written as 

J ( r ^ j ) = J ( r ^ ) / r i / 4.2 

for distemces r ^ j > r ^ where r ^ i s the distance such that J(r^)=2D, 
the c r y s t a l f i e l d s p l i t t i n g . For r^^ ^ r ^ the exchange 
interaction would produce new l i n e s , Statz et a l . (I96I), while 
for r4 . > r i t would produce broadening, J was given as Xj o o 
approximately 2*5 cm""̂  and n = 12. 

Klyshko approached the problem from a different point 

of view. He estimated the mean square width for the to + ^ 

t r a n s i t i o n at 0° by neglecting the dipole-dipole interaction over 
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the region where the exchange interaction produces fresh l i n e s , 
and by neglecting the exchange interaction and retaining the 
dipole-dipole interaction over the region r ^ j ^o* ^® stated 
that r ^ can be obtained from the experimental value of ^^^^XJ-
and that the assiimptions made were supported by experiment for the 
case of isolated ions. His prediction for the meam square width 
i s also concentration dependent. He carefully analysed the 
observed l i n e shape of the - i to * i t r a n s i t i o n at the polar angle 
0° and demonstrated that i t was formed by two Gaussian curves 
with different constants, one describing the centre portion 
and the other describing the fa r wings of the l i n e . Between the 

Gaussian regions was a long t a i l , some 25 oersteds long, caused 
53 

by hyperfine interactions with the Cr nuclei. 
BROADENING DUE TO IMPERFECTIONS. 

The amount of broadening due to mosaic and c-axis 
misorientations may be readily estimated. I f the value of the 
magnetic f i e l d H at resonance varies with polar angle 9 and there it 
a d i s t r i b u t i o n of c-axis directions i n a c r y s t a l represented 
by A9 then 

A H - A0. 4.3 
where AW represents the increase i n the linewidth. 

S h a l t i e l and Low (1961) wert abl9 to demonstrate that 
i n the ease of a cubic c r y s t a l the correct value for 4^ was 
«C o , a constant characterising a Gaussian distribution of 



c r y s t a l l i t e s about an a x i s r e f e r r e d t o as the r o t a t i o n axia. This 

d i s t r i b u t i o n was assumed t o cut o f f a t a value o( and i t was also 

assumed t h a t the r o t a t i o n axes were i s o t r o p i c a l l y d i s t r i b u t e d 

throughout a l l d i r e c t i o n s . These assumptions are probably 

c o r r e c t f o r a cubic m a t e r i a l . 
. Figure 11 shows the s i t u a t i o n i n ruby. The mean 

d i r e c t i o n o f the c-axis i s the z-axis o f the cpberical coordinates. 
The basal s l i p d i s l o c a t i o n s form one set o f r o t a t i o n axes i n 
ruby. One o f these d i s l o c a t i o n s i s represented by the vector b 
i n the f i g v i r e . The possible d i r e c t i o n s o f b are l i m i t e d t o the 
regions w i t h i n "TOV 9 < 20° and (j) ± ^ % IZOU j> ±^'> and 
2,^-0" -('(/> ± Scheuplein and Gibbs (1960). The 
mosaic blocks are r o t a t e d about b by up t o ̂  so t h a t the c-axis can 
take up any d i r e c t i o n i n the r e g i o n l i m i t e d by c« and c". The 
d i s t r i b u t i o n of c-axes when viewed along the z-axis appears as 
shown i n f i g u r e 12. 

The p r i s m a t i c s l i p d i s l o c a t i o n s are d i s t r i b u t e d i n a 

cone about the mean c-axis d i r e c t i o n . They also act as axes o f 

r o t a t i o n but the r e s u l t o f t h i s r o t a t i o n i s t o a l t e r (j) only. 

This does not a f f e c t the spectrum and t h e r e f o r e does not a f f e c t 

the l i n e w i d t h by the mechanism o f 4.3. 

The X-ray examinations were c a r r i e d out i n the main on 

the (0001) face which i s perpendicular t o the c-axis as shown i n 

f i g u r e 11. Therefore the measurements were o f the d i s t r i b u t i o n 
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produced by the r o t a t i o n s described above. The value s u b s t i t u t e d 
I n t o 4.3 f o r has t o be a s u i t a b l e representation of the 
d i s t r i b u t i o n o f c-axes, see chapter seven. 

For the - 2 t o + i t r a n s i t i o n d ̂ jdB - 0 so there 
should be no broadening due t o t h i s mechanism I n t h i s t r a n s i t i o n . 
For t he -3/2 t o - 2̂  and the + i t o +3/2 t r a n s i t i o n s the gradient 
o f the magnetic f i e l d f o r resonance against angle I s p r o p o r t i o n a l 
t o sln2& ( S h a l t l e i and Low) which p r e d i c t s a maximum broadening 
due t o t h i s mechanism i n these t r a n s i t i o n s a t ̂  = 45°. The 
gradient ciH/rfP can be measured f o r the second and t h i r d order 
t r a n s i t i o n s and so estimates o f the amount of imperfection 
broadening can be made f o r them also. 

From an an a l y s i s o f the v a r i a t i o n s o f the l i n e w i d t h o f 
a t r a n s i t i o n w i t h p o l a r angle i t should be possible t o estimate 
the amount of broadening due t o physical imperfections and 
perhaps gain some f u r t h e r i n f o r m a t i o n on the nature o f the 
ph y s i c a l imperfections. To perform t h i s a n a l y s i s , the e f f e c t s of 
the d i p o l e - d l p o l e and exchange i n t e r a c t i o n s have t o be allowed 
f o r . Also i t i s assumed t h a t the broadening due t o phys i c a l 
imperfections i s d i r e c t l y a d d i t i v e t o the basic l i n e w i d t h due t o 
other mechanisms. 

Another mechanism due t o phys i c a l imperfections i s the 
one described by Manenkov et a l . (I963). The stresses present 
i n a c r y s t a l may d i s t o r t the surroundings of the paramagnetic i o n 
and so a l t e r the values o f the parameters i n the spin Hamiltonlan. 
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ffenenkov et a l , have demonstrated how changes i n the value o f 
the c r y s t a l f i e l d s p l i t t i n g parameter D can a f f e c t the widths 
of the + i t o +3/2 and the -3/2 t o t r a n s i t i o n s . They detected 
t h i s e f f e c t by observing the r e l a t i v e i n t e n s i t i e s o f these 
t r a n s i t i o n s compared t o the - i ^ t o +4^ t r a n s i t i o n . For any one 
sample i t may be considered as p a r t o f the basic l i n e w i d t h . 
TRANSITION PROBABILITIES. 

The l i n e shape w i l l be d i s t o r t e d from t h a t due t o 4.3 

i f t he t r a n s i t i o n p r o b a b i l i t y o f the t r a n s i t i o n v a r i e s r a p i d l y 

w i t h angle. I n order t o estimate the e f f e c t o f t h i s the t r a n s i t i o n 

p r o b a b i l i t y was c a l c u l a t e d against angle. The c a l c u l a t i o n i s based 

on the work of Schulz-du Bois (1959). 

Figure 13 shows the coordinate system r e l a t e d t o the 

pole piece gap and the coordinate system r e l a t e d t o the w a l l s o f the 

waveguide. For an H,_ wave 

Y - ^^/X| . 
I f the sample i s cut c o r r e c t l y and f i t s perfediLy i n t o 

the guide then the c.«-axis i s p a r a l l e l t o OX. I t i s then possible, 
see chapter s i x , t o o r i e n t a t e the guide so t h a t OX i s p a r a l l e l t o 
Ox. I n t h i s case, i n the s p h e r i c a l coordinates attached t o the 

pole piece, ^ = 90°, = 0° and OZ i s p a r a l l e l t o Oy. The 
angle ^ i s the p o l a r angle already defined fcnd the s i t u a t i o n a t 
any a r b i t r a r y d i s shown i n f i g u r e 14. Following Schvilz-du Bois 
t h e t r a n s i t i o n p r o b a b i l i t i e s can be c a l c u l a t e d a t any angle B . 
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The a l t e r n a t i n g f i e l d v/hich produces the t r a n s i t i o n s i s t h a t 
due t o the X and Z components o f the magnetic f i e l d i n the 
waveguide. These components have t o be resolved along Ox, Oy 
and Oz. The value o f the p r o b a b i l i t y decreases w i t h decreasing 
value o f 9̂  f o r the main t r a n s i t i o n s . I t tvas necessary t o 
ex t r a p o l a t e t h e graphs o f eigenvectors beyond the magnetic f i e l d 
value o f 10700 oersteds, which i s the l i m i t o f t h e i r range i n 
the paper by Schulz-du Bols, i n order t o perform the c a l c u l a t i o n s 
a t the higher f i e l d values. 

Figure 14 shows the e f f e c t s o f the various 
m l s o r i e n t a t l o n s on the mean c-axls d i r e c t i o n a t the general 
angle B . The d o t t e d c i r c l e around c contains the c-axls 
d i s t r i b u t i o n o f f i g u r e 12. Study of the graphs o f eigenvectors 
given by Schulz-du Bols shows t h a t f o r v a r i a t i o n s i n the c-axis 
d i r e c t i o n o f - 3° i n © there are only n e g l i g i b l e changes i n the 
t r a n s i t i o n p r o b a b i l i t y . The e f f e c t o f a 4 3° v a r i a t i o n i n ̂  can 
be c a l c u l a t e d using the formula r e l a t i n g values o f eigenvectors 
f o r d i f f e r e n t values o f ̂  which i s given by Schulz-du Bois. I t 
i s r e a d i l y found t h a t a t any one value o f ̂  t h i s small v a r i a t i o n 
i n ^ has a n e g l i g i b l e e f f e c t on the t r a n s i t i o n p r o b a b i l i t i e s . 
The f i g i i r e s o f i 3° were chosen a f t e r reference t o the r e s u l t s o f 
the X.^ray work because they are l a r g e r than any measured value o f 
mosaic o r c-^^xis m l s o r l e n t a t l o n . 

These c a l c u l a t i o n s were made on the assumption t h a t the 
c r y s t a l was p e r f e c t l y c u t and i n s e r t e d i n the waveguide. This, 
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i n general, was not the case. Another possible e r r o r was t h a t 
the waveguide might not be a l i g n e d exactly i n the magnet. The 
e f f e c t s o f such d e v i a t i o n s from the p e r f e c t case described above 
are discussed i n appendix two. The main conclusions o f t h i s 
appendix a r e , f i r s t l y , t h a t the pe r f e c t case described above i s 
c l o s e l y approximated t o ivhen the waveguide i s arranged t o be 
p a r a l l e l t o Oy, t h a t i s v e r t i c a l , and, secondly, t h a t the small 
angle between the c-axis and the w a l l o f the waveguide, which 
must be included i n any c a l c u l a t i o n of the absolute t r a n s i t i o n 
p r o b a b i l i t y , can be neglected i n any c a l c u l a t i o n o f the d i f f e r e n c e 
i n t r a n s i t i o n p r o b a b i l i t y between two angles only a few degrees 
apa r t . 

CONCLUSIONS. 
From an a n a l y s i s o f l i n e w i d t h measurements made at 

various values o f the polar angle i t should be possible t o estimate 
the amount o f p h y s i c a l i m p e r f e c t i o n present i n a sample. I t 
should a.lso be possible from the basic l i n e w i d t h t o make an 
estimate o f the l o c a l concentration o f chromium ions. The main 
f e a t u r e s o f the l i n e which ought t o be measured f o r a complete 
d e s c r i p t i o n are the lineshape, the w i d t h a t h a l f the peak i n t e n s i t y 
or the r o o t mean square w i d t h (tK© two can be r e l a t e d i f the 
lineshape i s known) and the moments o f the l i n e . The important 
p o i n t s i n the p r e p a r a t i o n o f the experiments are the alignment of 
th e waveguide as near t o the v e r t i c a l as possible and the correct 
o r i e n t a t i o n of the c-axis. These adjustments ( f a c i l i t a t e the 
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c a l c v i l a t i o n o f the angular v a r i a t i o n o f the t r a n s i t i o n 

p r o b a b i l i t i e s and a l l o w a check t o be made of the e f f e c t s o f 

the v a r i o u s parameters on the angxilar v a r i a t i o n of the 

l i n e w i d t h s . 
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CHAPTER FIVE. 
.THE SPECTROMETER. 

S p e c i f i c requirements f o r spectrometer designj 
theory o f s i g n a l production; discussion o f 
con d i t i o n s s t a t e d i n theory; d e s c r i p t i o n o f 
apparatus; s e n s i t i v i t y o f spectrometer; 
conclusions. 

SPECIFIC REQUIREMENTS FOR THE DESIGN OF THE SPECTROMETER. 

The aim was t o measure the absor|)tlon l i n e w i d t h s and 
lineshapes i n ruby, and t o study t h e i r v a r i a t i o n w i t h polar angle. 
The work was c a r r i e d out a t frequencies near 35 kMc/sec which 
meant t h a t magnetic f i e l d s up t o 17000 oersteds were required 
and t o supply these w i t h the magnet a v a i l a b l e a pole piece gap 
no l a r g e r than 4*5 cm had t o be used. The sample size was the 
order o f s i z e thht might be used i n a maser, t h a t i s up t o 1 cc. 
This s i z e was also s u i t a b l e f o r the X^ray and etching techniques 
described above. A conventional Q»band c a v i t y designed t o take 
t h i s s i z e o f sample would have b^en too bulky t o f i t between the 
poles o f the magnet and s t i l l leave room f o r the dewars 
necessary f o r low temperature work. Because o f t h i s i t was 
decided t o study the p o s s i b i l i t y o f using a shorted piece o f 
guide as a c a v i t y . The m a t e r i a l was known t o have a strong 
s i g n a l so s e n s i t i v i t y c o n s i d e r a t i o n s were not of major 

importance. The most important f a c t o r was t o produce a system 
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which would detect T-a. only and w e l l enough t o al l o w measurement 
of the peak i n t e n s i t y o f the l i n e , the l i n e w i d t h a t h a l f the 
peak i n t e n s i t y and the major features i n the shape o f the l i n e . 
Also, as noted i n chapter f o u r , the gxxide had t o be adjusted 
c o r r e c t l y i n the pole piece gap. 
THEORY OF SIGNAL PRODUCTION. 

Figure 15 shows a block diagram o f a simple 
spectrometer. Power from a k l y s t r o n was fed i n t o a magic tee 
where i t was d i v i d e d i n t o t he two side ams. One side arm, the 
balance arm, contained an E-H tuner and a matched load ao t h a t 
a c o n t r o l l a b l e r e f l e c t i o n could be introduced; the other was 
connected t o the sample. An i r i s o f diameter 3*5 nmi was p l a c i d 
i n t he side arm co n t a i n i n g the sample, and the length o f guide, 
about 100 cm, betvreen the i r i s and the short c i r c u i t which 
terminated the guide acted as the c a v i t y . The i r i s diameter was 
chosen so t h a t t he value o f the r e f l e c t i o n c o e f f i c i e n t o f the 
sample arm o f f magnetic resonance was 0.5. This value was close 
t o the optimum value f o r maximum s e n s i t i v i t y o f the spectrometer 
(Feher, 1957) . The E-am o f the magic tee was terminated by a 
det e c t o r c r y s t a l . 

I n f i g u r e 15 P i s the power i n c i d e n t on the magic t e e , 

P I s the power i n c i d e n t on the de t e c t o r , i s the r e f l e c t i o n 
c 

c o e f f i c i e n t from the balance arm and To i s the r e f l e c t i o n 
c o e f f i c i e n t from the c a v i t y and sample w h i l e the sample i s 
o f f magnetic resonance. Both ^o and ^^are complex q u a n t i t i e s 
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which can be w r i t t e n as Pa -\- ^ P02. and 

The r e f l e c t i o n p r o p e r t i e s o f the magic tee can be 
represented by 

To avoid s a t u r a t i o n o f the a m p l i f i e r s a f t e r the detector and t o 
ob t a i n b e t t e r noise r e j e c t i o n by the t e e , the negative sign i s 
taken i n 5.1. When the sample i s on magnetic resoneuice (^o 
changes t o P m = 1 + j and the power i n c i d e n t on the 
de t e c t o r changes t o P ,vihere 

cm 

The power i n c i d e n t on the detector due t o magnetic resonance 
only Pg, i s given by 

ft - P c ^ - Pc . 5.3 
W r i t e A P - Pw. - To , then 

P, ^ i [Z^[Ar(Po--r^y} -^IAP^]P 5.4 

where * represents the complex conjugate. I f the c o n d i t i o n 

|Arr« Z ̂  {4n(p,-~r^;*] (A) 
i s s a t i s f i e d 

Ps = i P f U { A r L P o - P j . f } . 5.5 

By a d j u s t i n g the t e r m i n a t i o n of the balance arm t o 

make r e a l , (Po — P A J ^ I S made r e a l , and the instrvuaent 

only detects 

^ { A P } - R.Ur, + j A r x j - 4r,, 5.6 
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I f ^ i s the current s e n s i t i v i t y of the detector, 
the c u r r e n t S due t o magnetic resonance i s given by 

S ^ f P , ^ ^ ^ P ( P . . - r e . . j 4 P , . 5.7 

A convenient expression f o r APi can be obtained 
by w r i t i n g A P i n terms o f the r e a l and imaginary parts o f the 
r e f l e c t i o n c o e f f i c i e n t s Po and PM̂  . 

AV •= Vv^^-Vot - f - j ( f v ^ T , - r . v ) . 5.8 

At the peak o f a c a v i t y resonance ?on^~ O and a t the 
pealc o f magnetic resonance PV^T,' O. From 5.S 

Â . ^ - Poi. 5.9 

To d e r i v e an expression f o r AP, requirea the use 
o f t h e equivalent c i r c u i t o f t h e sample arm shown i n f i g u r e 16. 
Equivalent c l r c v d t s f o r resonant c a v i t i e s are considered by 
Montgomery et a l . ( 1 % 7 ) . The plane AB across the guide i s 
chosen so t h a t the admittance o f the i r i s , guide eoid sample 
viewed from AB i s equivalent t o t h a t o f the s e r i e s resonant 
c i r c u i t . The guide on the other side o f the plane i s 
represented by a transmission l i n e o f impedeuice equal t o i t s 
c h a r a c t e r i s t i c Impedance, Ẑ. The i r i s was placed a t l e a s t 12 mm 
from the tee because the guide wavelength f o r the frequencies 
used was less than 12 lom. The admittance o f a terminated l e n g t h 
o f transmission l i n e goes through a l l possible values as I t s 
l e n g t h i s increased from zero t o X j » the guide wavelength, so 
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12 mm was the le a s t distance from the i r i s i n which the correct 
plane AB could be located. 

From figure 16 

where ^ i s the pulsatance of the signal. At the peak of the 
cavity resonance uiL-^jt^C ^ C? so 5.10 becomes 

To ^ . 5.11 

During the magnetic resonance the inductive component i n the 

c i r c u i t i s altered to a new value L» given by 

where \ i s the f i l l i n g factor defined as 

\ ^ is hlUMs / [ H ^ c L V c . 5.13 

5.12 can be demonstrated by considering the energy stored i n 

the cavity f i r s t away from the magnetic resonance and then during 

the magnetic resonance. In the former case the energy can be 

written as 

^ i / / , ^ ^ ^ ^ ^ 5 . U 

where c represents integration over the cavity volume and H the 

magnetic f i e l d vector at a position i n the cavity. In C.G.S. 

units ^ z: ylio -^(fjfijy., -̂ "V-̂ -j wherey^o has dimensions but 

equals unity. Far from a magnetic resonance \ , and are 
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very small auid may be neglected, see figure 2. At magnetic 
resonance these quantities become appreciable and the energy can 
be written as 

- //V\/c -if^ ^ V / i +^/74^7r(-v,-pVj/,//VVr 5.15 

where s indicates integration over the sample volume. can 
2 

be equated to the energy ^ L i of a c o i l of self-s-inductance L 

and to the energy i L ' i of a c o i l of self-inductance L*. 

Eliminating leaves equation 5.12 above vrLth defined as 

i n 5.13. 
During magnetic resonance 

. / ^ ^ / ( c ^ ^ ; - Vu.cj - z . , ^^^^ 

The r e a l part fi^t i s given by 

at the peak of the cavity resonance, where d - kTTyioL-^ , I t 
can now be seen that P>^i contains the effects of %i unless the 
two conditions 

and C / ^ • + - / ^ ^ ) ^ ^> C ^ ^ > t ^ ^ ' ^ 0 ^ 

are s a t i s f i e d . I t should be noted that i f (B) i s s a t i s f i e d then 

so i s (C). 
Defining the various resistances R, and i n 

terms of the unloaded cavity Q, Q̂ , the external Q, the loaded 

Q> Q l > the magnetic Q, Qĵ^ and the pulsatance u> , the following 
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r e l a t i o n s are obtained. 

The l a s t of equations 5.IS i s correct when the relation 

5.16 

kir^ 1 % , - J - Y v (D) 

i s s a t i s f i e d . From 5.11 and 5.16 

Using equations 5.16 and 5.19 (B) becomes 

When (E) i s correct equation 5.17 becomes 

n - I? - z . - ^ / e ^ . 

(E) 

5.20 

Then, as shown by Goldsborough aind Mandel { I 9 6 O ) , but using the 

notation of t h i s paper, 

/<:gc. ( l - Po/) 5.21 

where K - -^'^z L T : 5.22 
In 5.22 k i s a constant given by tjC|, where Ĉ ^ 

i s another constant depending on the geometry of the cavity and 

the mode i n the cavity, and v i s the sample volmne. 

From 1.2 the unloaded Q, Q̂ ,̂ of the cavity i n the 

presence of magnetic resonance i s given by 

where ^ i s the t o t a l energy stored and i s the power 
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incident on the cavity. Goldsborough and Mandel introduced 
and stasfeed that 

where i s the mean square amplitude of the magnetic f i e l d 

vector i n the cavity, and Cg = kC-^. The factor k occurs because 

Goldsborough and Wfendel used the half amplitude of the magnetic 

f i e l d vector while here the amplitude i a used. I t should be 

noted that during the course of t h e i r derivation they t a c i t l y 

assumed the v a l i d i t y of (D) to compare Q̂ ^ with Q̂ . 

From 1.2 

Pi{t~f^n 5.25 
where once again (D) has been assumed to hold to give the same 

value of the energy stored as i n 5.23. From 5.21 and 5.25 

- p r 7 ( f t ( T ^ y . 
The power absorbed by the sample due to magnetic 

resonance i s given by 1.1 Using equations 5.22, 5.23 and 5.24 i n 

1.1 and remembering that = kC^^ 

-= Z X ' ^ l . 5.27 

Therefore, substituting for from 5.2? 

Putting 5.28 into 5.7, remembering that = i-P because of the 

action of the magic tee, gives on rearranging 

^ 5.29 
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where (X -^^^ l^^. - P^,) and P ^ ^/{P [l ^ Poi)' . 

As long as there i s no saturation P̂^̂  i s d i r e c t l y 

proportional to %.x as shown i n 1.1, so measurement of the 

vari a t i o n of P̂^̂  with magnetic f i e l d also gives the variation of 

with magnetic f i e l d . The apparatus had to be designed and 

operated so that saturation did not occur and so that any 

instrumental errors, due to f i n i t e bandwidths and the time constants 

of various parts of the electronic c i r c u i t s , were reduced to a 

minimum. 
I f bS a eqiiation 5.29 becomes 

Pv^ ^ 4- ' 5.30 
0-

Equation 5.30 i s correct i f the condition 

i s s a t i s f i e d . This condition can be rewritten using equation 
5.25 and the d e f i n i t i o n of Q̂̂^ i n equation 1.2. I t then becomes 

Po,) 2(Pu^ . (G) 

Of the seven conditions stated above i t i s only 
necessary to consider (A), (D), (E) and (G). This i s because (E) 
and (G) are alternative forms of (B) and ( F ) , and i f (E) i s 
s a t i s f i e d so also i s (C). I t i s useful to rewrite (A) as 

"-^ W ( i . * i ) / J [ s - ^ / l /• 
The experimental work was performed with the cavity on a 

- ^ - V 
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resonance so Vo'v O and equation 5.3 simplifies to 

AP - Pvwi - Ho, -f- j. Pmz . 5.31 
(H) was obtained from (A) by using equations 5.16 and 5.31 and 
carrying out similar steps to those by which (E) was obtained 
from (B). I f (H) i s not s a t i s f i e d the signal contains the effects 
of as w e l l as "YJ- through the influence of 1 AP/̂  . At the 
peak of the magnetic resonance i — 0 and (H) sim p l i f i e s 
considerably. I t can then be seen that i n order to s a t i s f y the 
condition, the magic tee must be adjusted so that (̂ Po (- /%/) 
i s as large as possible and Qĵ  <i< Q̂ . The inequality requires 

that the f i l l i n g factor be as small as possible. I n practice a 
-2 

value of approximately 10 was used. For a detailed numerical 

discussion see chapter s i x . 

Condition (D) i s e a s i l y s a t i s f i e d , especially with a 
small f i l l i n g factor. The v a l i d i t y of (E) determines whether Tmi 
w i l l contain the effects of as well as of 7-2- . When i t i s 
s a t i s f i e d the terms containing are small enough to be 
neglected and i t i s shown i n chapter s i x that the experimental 
values do s a t i s f y i t . Once more a small f i l l i n g factor i s a 
help i n s a t i s f y i n g the re l a t i o n . 

The seventh condition (G) i s the one concerning the 
s i m p l i f i c a t i o n of the expression for the signal by reducing 
5.29 to 5.30. This condition does not have to be s a t i s f i e d 
because the lineshape can be evaluated from 5.29 quite easily. 
I f i t i s s a t i s f i e d then the signal recorded i s proportional to 
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the lineshape. Physically the condition means that the energy 
losses due to paramagnetic resonance must be very much leas than 
those due to the cavity. This condition also i s more e a s i l y 
s a t i s f i e d for «mall values of the f i l l i n g factor. 

Many workers have discussed aspects of the theory of 
microwave resonance spectrometers, among them Bloembergen et a l . 
( 1 9 4 6 ) , Feher ( 1 9 5 7 ) * Goldsborough and Mandel (1960) and Misra 
( 1 9 6 3 ) . Feher was more concerned with the design of a sensitive 
spectrometer and the parameters v^i c h affect such a design. He 
only considered the signal due to , and i n his derivation of 
the si g n a l he never indicated what possible effects \i might 
have. Although he did mention b r i e f l y that the apparatus had to be 
set up i n such a manner that the two were separated, he did not 
discuss how t h i s coixld be done. 

The present theory i s based on the approach of 
Goldeborough and Mandel. I t should be noted that equation 5*4 
above i s equivalent to t h e i r equation ( 1 9 ) where the conjugate 
complex i s omitted. This has no affect on their f i n a l 
conclusions, but there appears to be an error i n t h e i r conclusions 
concerning the neglecting of (AP/^ . Before i t can be neglected 
(H) above must be s a t i s f i e d rather than the condition i^P I 

which they gave. 

The derivation of 5.20 alsove i s not given by Goldsborough 

and Mandel, nor are the conditions v ^ c h have been assumed to 

hold i n order to obtain t h i s equation. I t was quoted as ( 9 ) i n 
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t h e i r paper. Their derivation of an expression for AT, has been 
reconsidered by stressing different parameters so that an 
exact expression, equation 5.29, for P^ i n terms of readily 
observable parameters of the spectrometer could be obtained. The 
derivation of 5.29 from 5.21 depends on (D) being true. 
Saturation of the tr a n s i t i o n and instrumental distortions which 
make i t incorrect to apply 5.29 can be detected by subsidiary 
experiments and allowance made. 

Goldsborough and Mandel made one assumption i n deriving 
t h e i r equation (15) from t h e i r equation ( 9 ) . This assumption i s 
equivalent to (D), which caji be complied with, so thei r equation 
(15) i s j u s t i f i e d . I t i s written out i n terms of "Ya and a 
constant which depends on the geometry of the cavity and the mode 
pattera i n i t . This expression can be used to describe a saturated 
l i n e . Equation 5.29 above can be rewritten i f necessary to give 
an expression i n terms of 'Vx suitable for saturation measurments, 
but i f i t i s so rewritten i n order to evaluate a constant 
depending on the geometry of the cavity and mode pattern i n i t must 
be introduced. So, i n order to use 5.29 two more conditions had to 
be placed on the spectrometer. I t had to be designed and operated 
so that;-

iiot a function of Ĥ , ( I ) 
and instrumental distortions were kept to a 

minimum. (J) 
I t i s probably impossible to design an instrument which 

does not at some time vi o l a t e these conditions, but i t was quite 
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easy to make experimental checks to see i f violations were 
occurring. See below i n chapter s i x . 

Misra has recently published a discussion and extension 
of Goldsborough and Mandel*s work. He treated signal production 
i n transmission and r e f l e c t i o n cavity systems and he also considered 
b r i e f l y the s e n s i t i v i t y of these systems. The reflection system 
he considered was i d e n t i c a l to that of figure 15 but the 
equivalent c i r c u i t he used for the cavity arm was a p a r a l l e l 
resonant c i r c u i t . He obtained the r e f l e c t i o n properties of the 
magic tee by considering the absolute voltages i n the side arms of 
the tee, and then set out to evaluate by finding the 

expression for i P ^ v j . (The discussion here i s i n terms of the 
notation used i n t h i s paper.) The derivation was performed i n 
terms of admittances which caused d i f f i c u l t i e s becavise the binomial 
expansion for index -1 has to be carried out several times, each 
time imposing a new condition on the f i n a l r e s u l t . He eventually 
obtained a re s u l t similar to that obtained here and by Goldsborough 
and MELndel, but i t seems to. be rather fortuitous because his 
derivation of the r e f l e c t i o n properties of a magic tee appears to 
be incorrect. This component fonns the voltages i n i t s E - and 
H-arms by adding the amplitude and phase of the voltages i n the side 
arms, not t h e i r absolute magnitudes. This was done above and as a 
r e s i i l t i t became necessary to find an expression for , not 

|An| as Misra did. This error probably also accounts for the 

d i f f i c u l t i e s Misra had i n eliminating terms i n . He was able 
to eliminate them i n the expression f o r ( A r | , but when i t became 
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necessary to show that i f the signal depended on I A PI ̂  i t 
contained the effects of \\ , he had to reconsider h i s assumption* 
The approach used here avoids t h i s d i f f i c u l t y . (E) i s the 
condition for eliminating ">! from the expression for Pi^t , and 
even when i t i s s a t i s f i e d i t can be seen that " V i occurs i n the 
expression for l/^Pj^, 
APPARATUS. 

Figure 17 shows a block diagram of the spectrometer 

b u i l t to do the measurements. I t operated at Q-band, the klystron 
producing about 10 mW at 3k to 35 Wfc/sec. To reduce noise i n 
the klystron output the heaters were driven from a battery. 
Frequencies were measured by means of a Midcentury Microwavegear 
wavemeter, type MC 22/2A. The power l e v e l was monitored by using 
a d i r e c t i v e feed to tap off part of the power to a c r y s t a l , and 
i t was adjusted by varying the calibrated attenuator. The i r i s 
i n the sample arm was placed i n the f i r s t waveguide junction at 
l e a s t 12 mm from the tee. As the samples were about 1 cm long 

-2 
thedr f i l l i n g factor was approximately 10 . The cross-section 
of the samples, 0*280 i n . by 0*140 i n . , was such that they were a 
close s l i d i n g f i t into the guJ.de. A G.E.C. c r y s t a l , type VX 3171, 
was used as the detector. 

Three types of system were available a f t e r the detector 
c r y s t a l , a simple D.C. system with display of the lineshape 
on a pen recorder, a video system with display of the lineshape 
on an oscilloscope and a phase sensitive detection system with 
display of the derivative of the lineshape on a pen recorder. 



KEY TO FIGURE 17-

A Cavity to help s t a b i l i s e the klystron. 

B I s o l a t o r . 

C Sample. 

D Short c i r u u i t . 

E Secondary c o i l s to make the f i e l d more 
homogeneous. 

F Main modulation c o i l s . 

G Small modulation c o i l s for the phase 
se n s i t i v e cfetectesr. 

E/H E-H tuner. 

W/M Wavemeter. 

ATT Attenuator. 

1, 2 and 3 Alternative routes for the signal. 
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I n the f i r s t system the current from the detector c r y s t a l was 

taken to a Solartron AA 900 D.C. amplifier and then to an Everett 
Edgcumbe pen recorder with an internal impedance of 7 ohms, a 

time constant for f u l l scale deflection of 3 seconds, speeds of 
1 or 6 in./minute and a f u l l scale deflection of 5 mA. The 

output impedance of the amplifier was 1 ohm̂  so wire, xvound 

r e s i s t o r s with values varying between 22 and 128 ohms v/ere placed-
i n s e r i e s with the recorder. A l l values below about 70 ohms 
increased the time constant of the recorder. The effect of t h i s 

i s discussed further below. I n order to avoid saturation of the 
amplifier a backing off system was included between the detector 

c r y s t a l and the amplifier to reduce the steady D.C. current, 
produced by the c r y s t a l from the steady D.C. power l e v e l incident 
on i t , to nearly zero. This backing off could be supplied either 
by the power monitoring c r y s t a l or a separate D.C. source. 

The steady D.C. power l e v e l on the c r y s t a l meant that i t 
was operating over a region of i t s c h a r a c t e r i s t i c s which was 
neither l i n e a r nor square law. The current change due to resonance 
was so small, however, that the value of the gradient at the 
working point on the power versus current c h a r a c t e r i s t i c was taken 
as the value of ^ with no l o s s of accuracy. The input impedance 
of the amplifier was g.lO-^ ohms so the steady c r y s t a l current was 
about 5.10'"''' amps while the change i n current due to the signal 

-9 
was about 10 amps. The signal was produced by sweeping the 
magnet slowly through the value of magnetic f i e l d at which 
resonance occurred. I n the video system the signal was produced 
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by modulating, at 30 c/sec, the main magnetic f i e l d about the 
value at which resonance occurred. This was done by feeding 
cxirrent from a power o s c i l l a t o r iito the main modulation c o i l s of 
the magnet, which provided amplitudes up to 100 oersteds at t h i s 
frequency. From the detector c r y s t a l the current was passed 
through a wide band amplifier, bandwidth 0 to 40 kc/sec, and then 
displayed on an oscilloscope. This method was mainly used for 
rapid location of the l i n e s , but some measurements were taken 
using i t , see chapter s i x . 

The phase sensitive system worked at 160 kc/sec. The 
main magnetic f i e l d was varied slowly throixgh the resonance value 
as i n the D.C. method, but i t was also modulated at 160 kc/sec by 
means of a pair of small, subsidiary c o i l s attached to the outside 
of the waveguide close to the position of the sample. From the 
detector c r y s t a l the signal was taken through the phase 
se n s i t i v e detector and then displayed on the pen recorder. In 
t h i s case i t was not necessary to use the wire wound r e s i s t o r s to 
avoid damping the recorder as the output imped£uice of the phase 
sen s i t i v e unit was large. In t h i s system and the video system 
there was no need for a backing off c i r c i i i t between the detector 
and the f i r s t amplifier unit. The output of the phase sensitive 
unit did possess a meter zero for backing off the signal to any 
required value at that stage. 

The magnet was a Newport 6 inch Electromagnet type D 

which could produce 16000 oersteds over a 4*5 cm gap. The pole 
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pieces were coned down at an angle of 65° to a 3*5 i n . diameter 
pole face. Originally the homogeneity of the f i e l d was only 
about one part i n 500 so two small c o i l s were designed to f i t on 
the pole faces and produce a small f i e l d , about 10 oersteds, 
opposite to the main f i e l d and i n t h i s way reduce the f i e l d 
gradient across the gap. Each c o i l consisted of eight turns of 
copper wire, 21 S.W.G., wound on a tufnol former i n a f l a t 
pancake of mean diameter (4*4 - 2d) cm, where d i s the diameter 
of the wire. They were worked as a Helmholtz pair with current 
supplied by two 12 volt batteries through a rheostat. The 
maximum working current w?.- 6 amps. I t v^s found best to move 
the c o i l s so that they were no longer opposite to each other. 
In t h e i r best position, found empirically, they improved the 
homogeneity at the centre of the gap to one part i n 5000. The 
reduction i n working space between the pole faces by 0*160 i n . 
was rewarded by an increase i n the homogeneity of the f i e l d . 

The magnet was calibrated by a combined proton/lithium 
resonance magnetometer which allowed the f i e l d value to be 
measured at any setting of the current control unit to i l oersted. 
A very useful f a c i l i t y of the current control unit was i t s 
a b i l i t y to sweep the current of the main magnet c o i l s through 
a range of values and over a range of times. With t h i s f a c i l i t y 
the magnetic f i e l d was swept through the resonance l i n e s at 
such a rate that they were traversed i n a time at l e a s t ten times 
longer than the time constant of the recorder. Because i t was 
possible to a l t e r the f i e l d sweep rates e a s i l y t h i s allowed 
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compensating changes to be made when the value of the l i n e width 
changed or when the time constant of the recorder was changed 
by the a l t e r a t i o n of the load r e s i s t o r s mentioned above. Long 
sweep times through the l i n e s were required to overcome any 
smoothing of the l i n e by the time constant of the recorder. A 
second check on t h i s was to sweep through the l i n e from both 
above and below. 

F a c i l i t i e s for low temperat\u>e work were available. 
The system was a conventional cryostat £or. l i q u i d helium work but 
as no helium temperature r e s u l t s are included here i t w i l l not be 
described further. The measurements were performed at l i q u i d 
nitrogen temperatures with the l i q u i d i n the outer dewar and 
helium acting as a heat transfer gas i n the interspace of the 
inner dewar and inside the inner dewar; The samples were placed 
i n the guide, resting on a short c i r c u i t , which went into the 
t a i l of the inner dewar. 
SENSITIVITY OF THE SPECTROMETER 

The work was concerned with ruby samples containing 
about 10 ^ spins per sample and i t was performed at Q-band and 
77^K where the magnetic s u s c e p t i b i l i t i e s were quite large. This 
meant that a strong signal could be expected. 

The sig n a l voltage across the recoixler i s given by 

Vs - ^- h 5.32 

where S i s the signal due to the magnetic resonance, and R o 
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are the i n p u t and output impedances o f the a m p l i f i e r , R̂^ and 
are the load and recorder impedances and gg the gain of the 
a m p l i f i e r . 

The c a l c u l a t i o n o f the noise voltage i s more complex 

as each system has i t s own noise sources. The c a l c u l a t i o n 

performed here i s f o r the case o f the simple D.C. system w i t h no 

modulation as t h i s i s the n o i s i e s t system used. The other two 

systems were more s e n s i t i v e . 
A non-^linear element cannot have a noise fig\xre 

( U h l i r , 1963) so a noise temperatUB has t o be defined f o r the 
det e c t o r c r y s t a l , as i t was not operating over i t s l i n e a r region. 
Following c l o s e l y the arguments o f Torrey and Whitmer (1947a) 
the noise f i g u r e o f the c r y s t a l and a m p l i f i e r combined can be 
c a l c u l a t e d . Let dN^ be the output noise power o f a component, 
G i t s power g a i n , F i t s noise f i g u r e , d f i t s bandwidth, T the 
absolute temperature, k Boltzmann's constant, t the noise 
temperatvq^e o f the c r y s t a l , subscript 1 represent the c r y s t a l and 
s u b s c r i p t 2 the a m p l i f i e r . Then f o r the two components i n seiies 

IMou^^) ^ F,+z Si-r</^. 5.33 

At any one i n c i d e n t power P^, 

e . ^ x ' GdP^l Cr^. 5.34 
For the c r y s t a l 

Â/o, ^ tlTd^, 5.35. 
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Conslderlng the nolae ouput through the ajrstem due t o the cx*yatal 
only 

and s i m i l a r l y t he noise o ^ u t due t o the a m p l i f i e r only i s 

ci/v/.'u^x) ' f^G.^^dl ' G^Q^-Tdf 5.37 

where the second term i s introduced i n order not t o include twice 

the Johnson noise o f the output resistance o f the c r y s t a l . Now 

and s u b s t i t u t i n g i n 5.3^ from 5.33, 5.34, 5.36 and 5.37 and 
s i m p l i f y i n g gives 

which represents the noise f i g x i r e f o r the combined system. 

The e f f e c t i v e noise f i g u r e i s given by 

where Gg i s now taken t o be the gain o f the a m p l i f i e r - output 
meter combination so t h a t the i n t e g r a l s converge. This 
combination had a bandwidth o f 4.10^ c/sec or 3.10"^ c/sec 
depending on c o n d i t i o n (K) quoted below. Whichever value i s 
chosen i t i s very much l e s s than t h a t o f the c r y s t a l which i s 
about 10^ c/sec. Therefore i t i s possible t o consider G^(P^) 
and as constants over the range o f the i n t e g r a t i o n . Then 

and the noise power output o f the c r y s t a l and a m p l i f i e r - meter 
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No' ' CvJ^T^I (t +r. ' l j . 5.42 

Even t h o u ^ a magic tea v«8 used vhich helped reduce 
the noiae i n the vmvoguide, there was s t i l l aoiu aoiae l e f t 
which waa incident on the c r y a t a l . I f the noiae figure 
repreaenting the noiae i n the waveguide i a F^ then the noiae 
power U^" at the output of the cryat&I a a p l i f i e r - meter 
syatesn due to the guide noiae only i a 

A(c"r G.CPd G.^ri{, 5.43 

Fi»om 5.42 and 5.43 the t o t a l noiae power output i a 

Nfo = [G.i-t-^f^-i] + F j G , C P 4 G ^ i T c f / . 5.44 

This noiae power i n the a a p l i f i e r output producea a 
noise voltage, V , i n the recorder and load impedances given by * n 

To t h i s noiaa muat be added the ndae voltage of the racorder 
and load iiapedan<iea due to Johnaon noiae and given by 

V^^ ^ / / ' ^ ( ^ f - ^ f O ^ T ^ J . 5.46 

The t o t a l noiee voltage i a the root of the aua of the squares of 
5.45 and 5,46,therefore, the noise voltage across the recorder i s 

Fehor givea the condition for diatinguiahing between 
the amplifier and recorder bandwidtha for the value df. I t 
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s t a t e s t h a t i f the c a r r i e r voltage V a t the output of the 
a m p l i f i e r i s l a r g e enough, then the a m p l i f i e r bandwidth may 
be ignored w i t h respect t o the recorder bandwidth. I n symbols 
the c o n d i t i o n i s 

V " > •qifi2irir (K) 
where dF i s the a m p l i f i e r bandwidth. (K) was s a t i s f i e d i n the 
measurements made, see chapter s i x , so the bandwidth o f the 
recorder represented the bandwidth o f the system. 

The power monitor c r y s t a l when used t o provide a 
backing o f f c u r r e n t also introduced noise, but i t can be shown 
t h a t t h i s noise Bo^ce can be neglected. The c z y s t a l introduced 
noise a t the i n p u t o f the a m p l i f i e r due t o i t s own noise and the 
noise present i n the guide. The a v a i l a b l e noise power due t o 
two sources i n p a r a l l e l can be calcxxlated by f o l l o w i n g Torrey and 
Whitmer (1947b). I f the dynamic resistance o f a noise source i n 
p a r a l l e l w i t h other noise sources i s and the noise power 
i s then the t o t a l a v a i l a b l e noise power o f the sources i n 
p a r a l l e l i s , 

The impedances o f the two c r y s t a l s were equal but t h e i r noise 
powers were not,as one, the power monitor crystal,was used as a 
video d e t e c t o r , and the other was xxaed t o detect the s i g n a l . 
The noise produced by a video c r y s t a l i s t h a t due t o the Johnson 
noise o f the b a r r i e r impedance kTdf, where d f i s the bandwidth 
o f the c r y s t a l (Torrey and IVhitmer, 1947c). The noise from the 
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detector c r y s t a l ia/^kTdf, where t i s the noise temperature of 
the c r y s t a l under i t s operating 6onditioae. Thus the deteetor 
i o t times n o i s i e r than the vldto c r y s t a l . The value of t for 
the c r y s t a l s used was about 10 , obtained from interpolation on 
a graph given by Uhlir. This meant that the detector c r y s t a l 
was ouch n o i s i e r than the other c r y s t a l and indeed i t was meh 
n o i s i e r than any of the other noise aources i n the system, so 
5<47 s i m p l i f i e s with the use of 5.44, to 

The r a t i o of the signal to noise voltage I s 

^ , ^ ^ - f - 5.50 

which becomes 

on using 5.30 and the d e f i n i t i o n of a i n 5.^9. Equating 5.51 

to one and using 1.1 gives 

Inserting suitable values into 5*52 gives the mlnlmua value 
of \x. ^ ^ c h could be detected, theoretically, by the equipment. 
This can be compared with the actual value of the eusceptlbllity 
to obtain some Idea of the signal to noise r a t i o . Details are 

given i n chapter s i x . 
THE EFFECT OP ERRORS IN THE MEASUREIffiHTS. 

Detailed consideration of 5.29 showed that P and To/ 
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had l i t t l e e f f e c t on t h e c a l c u l a t e d value o f P . Thia V7B.B 

m 
confirmed by the experimental work c a r r i e d out, aee chapter s i x . 

The a n a l y s i s was c a r r i e d out by means o f the general 

formula f o r combining e r r o r s given by Topping (I9 5 8 ) . P u t t i n g 

the approximate f i g u r e s i n the r e s u l t i n g expressions and 

assuming each measured q u a n t i t y had 5^ e r r o r gave a f i n a l e r r o r 

i n the value o f P̂^̂  o f n e a r l y 15^ , but only 4^ o f t h i s t o t a l 

e r r o r was c o n t r i b u t e d by the assumed e r r o r s i n P and . Thus 

f o r accurate q u a n t i t a t i v e values o f P_,»S, ̂  and LVo^ - Pi.,) 

had t o be measured aa accurately as posaible. Further discussion 

of e r r o r s i s postponed u n t i l chapter s i x . 

DISCUSSION. 
Feher has given an ex c e l l e n t discussion of noise 

i n spectrometers. Besides one or two e r r o r s i n v o l v i n g numerical 
constants i n equations, he has made two errors i n s t a t i n g 
equations. He describes h i s equation (35) as being the noise 
power a t the output o f a microwave detector, but i f t h i s i s the 
case i t should not contai n the noise f i g u r e o f the a m p l i f i e r , 
w h i l e i f i t i s the output o f the detector and a m p l i f i e r i t 
should contain the gain o f the a m p l i f i e r . D i v i d i n g both sides 
of t h i s equation by kTdf gives the expression f o r the noise 
f i g u r e o f the combined system of a m p l i f i e r and detector. Later 
i n t h e paper he compares the noise produced by a square law 
d e t e c t i o n system w i t h the s i g n a l produced by a l i n e a r d e t ection 
system. 
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Torrey and Whitmer have discussed the noise f i g u r e 

o f a detector c r y s t a l and a m p l i f i e r combined. S t r i c t l y t h e i r 
arguments apply only t o l i n e a r d e t e c t i o n systems because non­
l i n e a r systems cannot have a noise f i g u r e . However, the 
d e r i v a t i o n given above i n terms o f the noise temperature does 
ev e n t u a l l y x»educe t o the same answer. 

Equation 5.4^ above d i f f e r s from the equation given 
by Torrey and Whitmer by a f a c t o r o f ^. This must be included 
because the theorem i s f o r the a v a i l a b l e noise power from a set 
of noisy impedances i n p a r a l l e l . This power i s a t a maximum, 
given by one-quarter the power i n the source output impedance, 
when the source output impedance equals the load impedance. 
This theorem was not used i n the d e r i v a t i o n o f the noise f i g u r e 
f o r the combined a m p l i f i e r - d e t e c t o r system because the atSiiilabie: 
power present i n d i f f e r e n t p a r t s o f the system was considered. 
Thus i n 5-37 noise powers could be subtracted without reference 
t o the dynamic impedances o f the variovis components. 

Goldsborough and Mandel d i d not consider the d e t a i l s 
o f the s e n s i t i v i t y o f t h e i r system. Misra, on the other hand, 
d i d consider t h e s e n s i t i v i t i e s o f the transmission and r e f l e c t i o n 
systems and concluded t h a t the r e f l e c t i o n system was f i v e t o 
t e n times more s e n s i t i v e than the transmission system. 

Other workers have described spectrometers not using 
a conventional c a v i t y . They include Ingram (1954) who described 
systems f o r work on gases, Schvaz-du Bois (1959) who examined 
Cr^^ i n b e r y l by p l a c i n g the sample d i r e c t l y i n the guide and 
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examining the t r a n s m i t t e d s i g n a l , and E l l i a t o n et a l . (I963) 
who used a magic tee system, d i f f e r e n t from the above, w i t h a 
sample i n a shorted guide. 
CONCLUSIONS. 

This discussion o f a simple r e f l e c t i o n spectrometer 

using a magic tee can be r e a d i l y extended t o cover more complicated 

magic tee systems. Dviring the coiirse of the discussion several 

c o n d i t i o n s were s t a t e d , but i t i s only necessary t o adhere t o 

(A), (D) and (E). Of these t h r e e , (D) and (E) are e a s i l y 

s a t i s f i e d when the f i l l i n g f a c t o r i s small, but (A) i s more 

d i f f i c u l t t o s a t i s f y , althoxigh a small f i l l i n g f a c t o r i s a help 

towards s a t i s f y i n g i t . The apparatus f o r the resonance work 

was described and an expression was derived f o r i t s s i g n a l t o 

noise r a t i o . 
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CHAPTER SIX. 
LINEV/IDTH MEASUREMENTS. 

Experimental technique; s a t i s f a c t i o n o f 

the c o n d i t i o n s st a t e d i n chapter f i v e ; 
s e n s i t i v i t y o f the spectrometer; r e s u l t s . 

EXPERIMENTAL TECHNIQUE 
The sample was placed on the short c i r c u i t t e r min­

a t i n g a l e n g t h o f thiti^ w alled copper-nickel guide. The guide 
was arranged so t h a t i t was v e r t i c a l etnd the sample was i n the 
centre o f the magnet gap. With the small c o r r e c t i o n c o i l s i n 
use t h i s was the most homogeneous region o f the f i e l d . The 
dewars were then put i n p o s i t i o n and the system cooled down t o 
l i q u i d n i t r o g e n temperatures. 

The frequency o f the power from the k l y s t r o n was set 
so t h a t the c a v i t y was a t the peak o f a resonance and then the 
E-H tuner was adjusted so t h a t the s i g n a l i n c i d e n t onto the 
detector c r y s t a l f e l l t o zero. A f t e r t h i s balancing the tuner 
was d e l i b e r a t e l y vmbalanced i n amplitude only, t o give the 
l a r g e s t s i g n a l possible. Measurements of Q̂ , Qj^, fo<,the power 
i n c i d e n t onto the tee and the output power from the tee were 
made..,A c r y s t a l p r e v i o u s l y c a l i b r a t e d against a power meter 
was used f o r the power measurements, and from these measurements 

( 'po\- Pt^i] was c a l c u l a t e d . The gradient o f the crystal»s 
cu r r e n t against power c h a r a c t e r i s t i c a t the value of the output 
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power from the tee was taken as.y^ . 

The video system was used f o r r a p i d l o c a t i o n of the 
t r a n s i t i o n s and also the adjustment o f the magnet t o the 
polar angle 90°. The +s t o +3/2 t r a n s i t i o n was the most 
convenient t o use f o r t h i s adjustment. At 9 = 90*^, 
dH/d 6 = 0 , where H i s the value of the magnetic f i e l d a t 
which the t r a n s i t i o n occurs and 9 i s the polar angle. By 
p l o t t i n g H against the magnet s e t t i n g around the p o s i t i o n 

d = 90°, the magnet s e t t i n g equivalent t o ^ = 90° was r a p i d l y 
l o c a t e d t o an accuracy o f ^1°. Having located the t r a n s i t i o n 
a t a known angle 9 the l i n e was recorded i n one o f three ways. 

The D.C. technique required a backing o f f c i r c u i t t o 
reduce the steady D.C. cttrrent produced by the steady power 
l e v e l i n c i d e n t onto the c r y s t a l t o zero. This was t o avoid 
overloading the a m p l i f i e r . The s i g n a l a m p l i f i e d and displayed 
on the pen recorder was produced by the magnetic resonance. 
The magnetic f i e l d was swept through the l i n e i n about 70 seconds 
which was long compared t o the time constant of the recorder, 
so there was very l i t t l e d i s t o r t i o n o f the s i g n a l . A second 
check on t h i s possible cause of d i s t o r t i o n was t o sweep the 
magnetic f i e l d both up and down through the l i n e and observe 
the shapes produced. I f no d i s t o r t i o n was present the shapes 
were i d e n t i c a l on both sweeps. Knowing the values of the various 
c i r c u i t components, the detector current could be c a l c u l a t e d 
from the c u r r e n t recorded by the pen recorder. The f u l l w i d t h 
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o f the l i n e a t h a l f the peak i n t e n s i t y , A H i , was ca l c u l a t e d 

by measuring i t i n seconds from the pen recorder and using 
a c a l i b r a t i o n o f the magnetic f i e l d sweep i n oersteds/sec. 
This c a l i b r a t i o n was made using a p r o t o n / l i t h i u m magnetometer. 
Subsidiary experiments were performed t o check the l i n e a r i t y 
o f the sweep and the speed of the recorder. The f i r s t f i f t e e n 
t o twenty seconds of the sweep were non-linear, so care v/as 
taken t o ensure t h a t the passage through the l i n e d i d not begin 
d u r i n g t h i s time. Another possible cause of d i s t o r t i o n was 

s a t u r a t i o n of the t r a n s i t i o n produced by too much power 

i n c i d e n t onto the sample. This was checked by varying the 

power l e v e l and repeating the sweep through the l i n e . An 
increase i n the siz e o f the s i g n a l as the power was decreased 
would have s i g n i f i e d t h a t s a t u r a t i o n was present. At the 

-3 
powers employed, about 10 w a t t s , the t r a n s i t i o n s were not 

saturated. Figure IB i s em example of a l i n e measured i n 

t h i s way. 
D i f f i c u l t i e s were encountered using the D.C. technique 

because of the poor frequency s t a b i l i t y of the k l y s t r o n s 
a v a i l a b l e and the backing o f f c i r c u i t s used. A v a r i a t i o n i n 
the frequency caused a v a r i a t i o n i n the steady power l e v e l 
i n c i d e n t onto'the c r y s t a l and a f t e r a m p l i f i c a t i o n t h i s produced 
a l a r g e change i n the baseline on the pen recorder. The 
c u r r e n t produced by the power monitor c r y s t a l could not follov.? 
these changes and so could not be used as a source of backing 
o f f c u r r e n t , nor could the separate backing o f f c i r c u i t . : 



D.C. Chart 

Figure 18. 
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which was used, f o l l o w the changes. The frequency changes 
also made i t more d i f f i c i i l t t o o b t a i n the co r r e c t l i n e shape 
because they a l t e r e d the balance o f the tee. 

The video system d i d not r e q u i r e a backing o f f c i r c u i t . 
Also, the l i n e s were recorded photographically and the frequency 
changes were not r a p i d enough t o effect the measurements once 
the balance had been obtained. The d i f f e r e n c e s between t h i s 
method and the D.C. method were the modulation o f the magnetic 
f i e l d a t 30 c/sec using separate modulation c o i l s and the 
d i s p l a y o f the IdLne on an osc i l l o s c o p e . The slow sweep was not 
used. An a m p l i f i e r w i t h a bandwidth o f 40 kc/sec was used t o 
am p l i f y the s i g n a l . This bandwidth d i d not d i s t o r t the s i g n a l . 
The amplitude o f t h e magnetic f i e l d modulation was measured 
using t h e D.C. c u r r e n t equivalent t o the peak A.C. current 
through the c o i l s , and the p r o t o n / l i t h i u m magnetometer. During 
the a n a l y s i s o f the photographs t o o b t a i n the value o f the 
l i n e w i d t h , c o r r e c t i o n s had t o be a p p l i e d t o a l l o w f o r the non-
l i n e a r i t y o f the os c i l l o s c o p e sweep and the \meven spacing o f 
the l i n e s on the t r a c e . The l e n g t h o f the a n a l y s i s , together 
w i t h the f a c t t h a t not enoxigh power was a v a i l a b l e a t 30 c/sec 
t o sweep completely through some o f the t r a n s i t i o n s which i t 
was desired t o examine, meant t h a t t h i s method was r a r e l y used 
f o r measuranents. The sub s i d i a r y c o i l s which produced the 
modulation f i e l d had a s i m i l a r diameter t o the main c o i l s , 
t h e r e f o r e , the v a r i a t i o n i n the f i e l d a t the p o s i t i o n o f the 



A TRANSITION RECORDED BY THE VIDEO 
SYSTEM 
FIGURE 19. 
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the l i n e had t o be i n t e g r a t e d numerically and the h a l f 
height value l o c a t e d . The values i n oersteds were obtained 
from the c a l i b r a t i o n against time of the f i e l d sweep. This 
method i s the best o f the three because i t includes the 
t a i l s o f the l i n e s . The other two methods tend t o obscure 
them, and they are important f o r a f u l l analysis o f the l i n e 
shape and i t s moments. An idea o f the shape of the l i n e 
observed can be obtained by comparing the values o f 

A I^and -̂ Ĥ  g 2, ' Figure 20 shows an example o f a 
t r a n s i t i o n recorded by the phase s e n s i t i v e equipment. 

The c o i l s used t o produce the I60 kc/sec modulation 
f i e l d wei?e f i t t e d onto the outside o f the guide as i t was 
not possible t o i n s e r t them i n t o the guide. The c o i l s 
were formed i n t o a low cone so t h a t they f i t t e d i n t o the 
t a i l o f the dewar. Their o v e r a l l diameter was 1 cm. 
The samples were also 1 cm long, so the f i e l d produced 
by the c o i l s was not uniform over them. A c a l c v i l a t i o n of 
t h i s f i e l d , assuming t h a t the c o i l s were plane, gave a 
value o f about 5 oersteds, a t the centre o f the sample. 
This c a l c u l a t i o n neglected the presence of the w a l l s 
o f the guide which would reduce the value of the f i e l d 
enormously. A r e d u c t i o n o f up t o 50'^ In the magnitude 
of the f i e l d probably occurred, and i n t h i s case the 
f i e l d i n the sample would be reduced t o 2.5 oersteds, and 
so the inhomogeneity of the modulation f i e l d across the 
sample could not be greater than t h i s . The inhomogeneity 



Phase Sen s i t i v e 
Chart 

Figure 20, 



-62-

of the main f i e l d was about t h i s value. 
Flynn and Seymour (1960) described a method of 

correcting f o r any d i s t o r t i o n introduced by the f i n i t e value 
of the amplitude cf the modulation f i e l d . The larger t h i s 
amplitude, the more necessary i s the correction. I n t h i s 
case the amplitude was usually only Z<f> or of the t o t a l 
l i newidth suggesting that the cofrection was not necessazTr, 
and i t was not applied to the measurements reported here. As 
a J u s t i f i c a t i o n f o r t h i s , one l i n e was corrected. The 
correction was calculated twice using values of 1 oersted 
and 2 oersteds f o r the amplitude. The l a t t e r value gave the 
largest correction, but the ordinates were only altered 
by l ^ i or f$ which was less than t h e i r error anyway. This 
correction may be rather doubtful because i t required a value 
of the f i e l d amplitude to apply i t , and t h i s was not known with 
c e r t a i n t y , nor was i t constant over the specimen. 

The phase sensitive detector xxnit had to be adjusted 
c a r e f u l l y to avoid introducing d i s t o r t i o n s i n t o the l i n e shape. 
I t was most important to adjust the frequency of the modulation 
to be the same as the reference frequency. The particular 
equipment used also had f a c i l i t i e s f o r a l t e r i n g the bandwidth 
and i t was usually operated w i t h a bandwidth of 100 c/sec. 

An attempt was made to s t a b i l i s e the output of the 
klystrons by placing a cavity with a large Q-factor at the 
output and so locking the frequency and power output. A 
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s i m i l a r system was described by Richardson ( I 9 6 4 ) . A 
wavemeter was used as the cavity because i t could be adjusted 
to resonate whatever the frequency. The system improved 
the frequency s t a b i l i t y , but i t was d i f f i c u l t to adjust to 
one p a r t i c u l a r frequency because the two cavities interacted 
w i t h one another i n a complex fashion. A sequence of 
adjustments had to be made to obtain the correct frequency. 
Even w i t h t h i s system, the frequency d r i f t was enough to 
cause d i f f i c u l t i e s i n balancing the tee. 
THE CONDITIONS OF CHAPTER FIVE. 

In chapter f i v e three conditions were put foirward, 
(D), (E) and (H), which must be s a t i s f i e d i n order t o 
eliminate from the signal. A further condition, (G), was 
put forward which, i f s a t i s f i e d , meant that the signal was 
d i r e c t l y proportional to the power absorbed, as long as the 
apparatus was operated so that i t did not vio l a t e conditions 
( I ) and ( J ) . The mode of operation which s a t i s f i e s these 
l a s t conditions has been described above. The other 
conditions are considered i n the following numerical example. 

The + i " t o +3/2 t r a n s i t i o n i n sample 337c at the 
polar angle 90° and at 77°K was measured, using the D.C. 
technique. The ha l f width was nearl$F. 30 oersteds. The 
values of the various parameters of interest were (the 
symbols are those of chapter f i v e ) , | ' ^ = 4*6.10*^ amp watt"^. 
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l i n e . To s a t i s f y (H) i n any experimental arrangement, i t i s 
important to keep the value of (Pot - P^-fj as large as possible 
and the f r a c t i o n Q̂ /Qm «s small as possible. This f r a c t i o n i s 
small when f) or 'Yx i f i small. 

Condition (D) i s s a t i s f i e d as the expression 
ifTT^X I'Vr ^'^'^ ^ ® value 1*6.10**^ at the peak of the 
magnetic resonance and t h i s i s much less than l u i i t y as i s 
required. 

Condition (E) i s obviously s a t i s f i e d at the peak of 
the magnetic resonance when = 0. At the maximum value of 
the larger expression i s 3700 times the smaller so t h i s 
condition i s also easily s a t i s f i e d . 

Condition (G) i s least l i k e l y to be s a t i s f i e d at the 
peak of the magnetic resonance. I n t h i s example the larger 
value i s 42 times the smaller at t h i s point. Therefore i t 
seems reasonable t o take the s i ^ a l as being d i r e c t l y 
proportional t o the power absorbed. Another expression 
which can be examined t o see i f the proportionality i s 
correct i s bS « a , where a and b are defined i n chapter 
f i v e , equation 5>29. I n t h i s case at the peak value of the 
signal, a i s 16? times bS. The difference between t h i s and 
(G) may be because i t was necessary to calculate a suitable 
value of which i n tu r n depended on the calculation of a 
value of -^2. - '>ahad been calculated four times too large. 
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or estimated four times too large, or there was inaccuracy 
i n both, then (G) would reduce to the same values i n the 
inequality. Decreasing the value of i/^ or of \i. increases 
the ease with which the other conditions are s a t i s f i e d . 

Condition (K) i s the condition which decides whether 
the bandwidth of the amplifier or of the recorder represents 
the bandwidth of the system. The larger value i s 2 « 3 . 1 0 

-23 

times the smaller when V = 0 ' 2 1 v o l t s , k = l - t . l O 
joule deg"''', T = 290°K, gg = 20, = 3.10^ ohms and the 
bandwidth of the amplifier dF = 4.10^ c/sec. This means that 
the bandwidth of the recorder represents the bandwidth of the 
system. This example i s for the components of the D.C. system. 
SENSITIVITY OF THE SPECTROMETER̂ ' 

Equation 5*52 gives the expression f o r the minimum 
value of "Yvwhich t h e o r e t i c a l l y can be detected by the simple 
D.C. system. Using the figures from the same t r a n s i t i o n as 
above, and the following values, R̂  = 1 ohm, R̂  = 3.10^ ohms, 
Rj^ = 6Q ohms, R̂  = 7 ohms, df = 0*3 c/sec, = ^TT.IO"''' 
henry m"̂ , H = 1.24 amp m""*", v = 2.53.10"'^ m̂ , gg = 20 

Gg = (R^/R )g^= 1-6.10^ and t = S.lo''', then^L^ 2 ' l . . l 6 ^ 

erg gauss* cm"^. This i s 60 times smaller than the 
th e o r e t i c a l l y estimated value of f o r the specimen. Therefore, 
the signal to noise r a t i o predicted t h e o r e t i c a l l y i s 6 0 : 1 . 

Figure IS shows that the observed value was about 250 :1 . 

The discrepancy may be due to the values of H and 
t used i n the calculation since these values had to be 
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estimated from other information. From equation 1.3* t i s 
given approximately by A/f f o r small values of f . The value 
of f used here was estimated from a rough Fourier analysis 
of th© l i n e . The main part of the l i n e was traversed i n 
about 30 seconds so the main Fourier components had frequencies 
less than 3*3.10* c/ssc. B e l l (I96O) has stated that 1/f noise 
has been detected down to about 10*""̂  c/sec. Therefore, 

—2 

values of f about 10 c/iaec could contribute to the noise i n 
t h i s case. The value of A was obtained by i n t e r p o l a t i o n 
from a graph given by U h l i r at a bias of 1 ^ a . I t was 
estimated as 5.10^ c/sec. The value of t obtained from these 
figxires could be an order of magnitude out, so explaining 
some of the error between theory and experiment i n the 

9 

p r e d i c t i o n of the signal to noise r a t i o . 
H i s the mean value of the amplitude of the magnetic 

f i e l d vector i n the cavity. I t was estimated by f i r s t 
evalixating the population difference, n, i n the specimen under 
the steady state conditions with the signal incident. The 
evaluation was performed using 

which was obtained by rearranging SLXI equation given by 
Bloembergen et a l . ^191^8). i s the power absorbed by 
magnetic resonance and i s given by P̂̂^ " S/a = 1«93.1<5^ watts, 
the thermal equilibrivun population difference n^ = 9'3.10''"^, 
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the relaxation time T̂^ = 4*4.10"^ sec, the frequency 
V = 3 . 5 . 1 0 ^ ° c/sec and Planck»s constant h = 6 '6 .10"^^ joule 
sec. The value of H which produces t h i s difference of 
population n can be obtained from a rearrangement of a 
second equation given by Bloembergen et a l . (1946) 

where Tg i s the spin-spin relaxation time related to the half 
width at half the peak i n t e n s i t y b y Tg = 1/2A| . Any 
error i n t h i s value of H may help explain the observed 
difference between theory and experiment. I t should be 
noted that 6.3 i s based on a two l e v e l schfeme which i s not 
true i n ruby. 

The video system i s more sensitive than the D.C. 
system because the modulation of the signal at 30 c/sec reduces 
the value of t . The phase sensitive system i s more 
sensitive s t i l l , as the signal i s modulated at I 60 kc/sec 
and the value of t i s reduced further. . 
RESULTS. 

The resu l t s of the linewidth measurements are 
contained i n figures 21 and 22, and table 6. Samples G2a 
and 337c were examined i n d e t a i l and the resxilts f o r ^ H |.of 
the major t r a n s i t i o n studied are shown i n d e t a i l i n figure 
2 1 . I n figure 22 are the results of an examination of the 
- i t o +3/2 t r a n s i t i o n s i n these samples. Table 6 contains 
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fABLE 6. 
LINEIVIDTH MEASUREMENTS. 

Sample 337c* 
Transition + ̂  to +3/2 -3/2 to - i - -J to +3/2 
Polar angle AH^ _ , R , A ^ s - l . ^ ^ \ . s . l . ^ 

16*3 1-6 
26*4 1-3 - - 17 -1 1*35 
25*S 1-4 

31-8 1*35 18-9 1-4 
29*0 1*2 - . -

- 23*9 1*65 
14*9 1*45 

— 28*9 1-15 16-9 1-45 
26*4 1*25 21*3 1-45 17*5 1*35 

- •1 to + i 
m. s. X R 

• 

33-0 24*1 1-35 
26*9 19-6 . 1-45 

Transition 
Polar angle 

Sample G2a 
Transition -̂ 3/2 to - - ̂  to +3/2 
Polar angle AH ' , R AH„ „ , R ^ m.3.1. m.s.l. 

0 ° 23*0 1-5 - -
15° 28*6 1*4 23*1 . 1*4 
3 0 ° 46-1 1-45 29*1 . 1-25 
45 61-0 1*25 29*0 1'25 
55 84*0 1*0 - -
60° * - 28*8 1*2 
75° . 31*9 1*55 24*0 1'25 
9 0 ° 28 '0 I ' l 17*8 1*25 

Transition - i to + ̂  
Polar angle AH ̂  ^H^^^^^^ R 

0' o 24*4 21*6 1*15 
55^ 29*2 19-a 1*5 

R i s the r a t i o AH / A l ^ . , . ^ ; For a Gaussian l i n e 
R = 1*175, f o r a Lorentzian l i n e R = 1*734. 
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the v a l u e s of A H , which were measured, the r a t i o 
m.s.±« 

A H^./ /I H , and the v a l u e s of A H^ f o r the -"^ to 

t r a n s i t i o n a t polar angles 0° and 55°. The r e s u l t s are 

d i s c u s s e d i n chapter seven. Both samples were grown 

i n the 0° growth o r i e n t a t i o n , but 337c had been annealed 
a t 1930°c while G2a had been annealed a t 1700°c. 

The e r r o r s i n AH'^i'and A H_ , measured by the 
m. s.1. 

phase s e n s i t i v e equijaaent abe - 10 * T h i s means t h a t the 

e r r o r i n the r a t i o iiS - Ik , The major source of t h i s e r r o r 

i s the c a l i b r a t i o n of the magnetic f i e l d sweep ag a i n s t time. 

The.«rror introduced when l o c a t i n g the h a l f height and 

measviring the width i n seconds a t t h i s height i s much l e s s 

than t h i s . The measurements made by the video system a r e 

a l s o a c c u r a t e to - 10 , but the e r r o r i n the D.C. 

measurements was b e t t e r tlian t h i s . Because some t r a n s i t i o n s 

were measured more than once, a b e t t e r estimate of the e r r o r 

i n the f i n a l v alue of the width could be made. An i n d i c a t i o n 

of the e r r o r i n each value i s given on the graphs. The most 

ac c u r a t e value was f o r the t r a n s i t i o n used as the example 

i n the two s e c t i o n s above. T h i s t r a n s i t i o n was measured 

seven times and the f i n a l e r r o r was - 1'7 . Only one of 

the seven measurements was used i n the numerical example 

given above. 
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CHAPTER SEVEN 
DISCUSSION OF THE LINEWIDTH RESULTS. 

Description of the res u l t s ; comparison with 
resvilts of other workers; correlation with 
c r y s t a l imperfections; predictions)cf chromium 
concentration; conclusions. 

DESCRIPTION OF THE RESULTS. 
Values of A Hi f o r the -3 /2 to -^ t r a n s i t i o n 

were measured at several d i f f e r e n t polar angles from 0° to 
90° i n samples 337c and G2a. The + i to +3/2 t r a n s i t i o n was 
examined at several angles between 30° and 90° i n 337c. The 
result s are i n fig u r e 2 1 . I t was not possible to measure 
t h i s t r a n s i t i o n at lower angles than 30° because the magnetic 
f i e l d s reqxiired were beyond the working range of the magnet. 
A l l the transitions followed the same general form i n t h e i r 
v a r i a t i o n against angle. The value of the linewidth, i n 
oersteds, was i n the lower t h i r t i e s at 9̂ 0̂°, rose to a maximum 
value, which depended on the t r a n s i t i o n and the sample, 
around 45° t o 55°» then decreased again. For the -3 /2 

to - 2" t r a n s i t i o n the value of the linewidth at 0 ° was i n 
the upper t h i r t i e s . I n sample 337c the width of the 
- 3 / 2 to t r a n s i t i o n showed a l o c a l minimum at 30° and the 
+ 2 to + 3/2 t r a n s i t i o n had a minimiun at 7 5 ° . 

A H_ , was not measured at every polar angle 
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f o r these two tr a n s i t i o n s . I n some cases i t was d i f f i c u l t 
t o measure A H , because the maximum slope of the l i n e m. s. 1. *̂  
did not occur at one precise value but over a region of 
several oersteds. Then the mean position of the maximum 
slope was used i n the calculation of A H , . Any doubt 

m.s.l. 
i n the value of A H , was reflected i n the value of R, 

m.s.x. ' 
the parameter which gives some indication of the shape of 
the l i n e . I n sample 337c the few values of g ̂  which 
were examined showed broadening as the polar angle was 
altered towards 4 5 ° . The values of R which were evaluated 
were closer to the value f o r a Gaussian l i n e than to the 
value f o r a Lorentzian l i n e . The -3 /2 to t r a n s i t i o n i n 
G2a showed a d e f i n i t e increase i n A H_ „ , towards 5 5 ° . 

m.s.l. 
I t also showed a wide range of values of the shape factor R. 
This may be because the l i n e deviated from being a smooth, 
nearly symmetrical, curve to having d e f i n i t e asymmetry at 
certain polar angles. This asymmetry was most noticeable 
at the /».5°> 55° and 75° polar angles. The transitions 
at each of these angles had a hump on the high magnetic 
f i e l d side. 

The foxir values of A H ^ f o r the - i ^ to +-ir 
t r a n s i t i o n which were measured are i n table 6. This 
t r a n s i t i o n was measured at 0 ° and 55° i n the two samples. 

o 
In 337c the linewidth at 55° was less than at 0 , while i n 



- 9 2 -

the other sample the 55° value was l a r g e r than the 0° value. 
The shape of the l i n e i n both samples a t 55° was nearer 
L o r e n t z i a n than Gaussian, but a t 0° i t was nearer Gaussian 
than L o r e n t z i a n . The to +-I t r a n s i t i o n a t 0° was 
narrower i n G2a than i n 337c, and i n both samples t h i s 
t r a n s i t i o n was narrower than the -3/2 to t r a n s i t i o n a t 
th a t angle. 

The --fr to +3/2 t r a n s i t i o n was examined i n both 

samples. The r e s u l t s a r e i n f i g i i r e 22. AH^ was about 

22 oersteds i n both samples a t 90° and broadened to a 

maximum i n the region of 45° to 3 0 ° , the value of the 

maximum depending on the sample. The t r a n s i t i o n p r o b a b i l i t y 

f o r t h i s t r a n s i t i o n a t 0° i s zero, so i t was not p o s s i b l e to 

examine the l i n e a t t h i s angle. I n 337c the li n e w i d t h a t 

30° has a l o c a l minimum. The width between maximum slopes 

had a s i m i l a r v a r i a t i o n w i t h polar angle. At a l l the values 

of the polar angle, this l i n e i n G2a was nearer to a Gaussian 

shape than the equivalent l i n e i n 337c. 

COMPARISON WITH OTHER WORK. 

Manenkov and Fedorov (I96O) performed some lin e w i d t h 

measurements on ruby a t 77°K and X-band frequencies. They 

examined the - ̂  to + i and the +i to +3/2 t r a n s i t i o n s a t a 

polar angle of 0° i n s e v e r a l samples with d i f f e r e n t chromium 

concentrations. They e s t a b l i s h e d that the h a l f width of the 

l a t t e r t r a n s i t i o n was from 1*3 to 1*5 times the h a l f width 
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of the former. I n 337c t h i s r a t i o was 1*2 and i n G2a i t was 
1*4. T h e i r r e s u l t s showed that the + i to +3/2 t r a n s i t i o n 
was m a r g i n a l l y c l o s e r to a Lorentzian shape than the to +^ 
t r a n s i t i o n and t h a t a s the concentration increased both l i n e s 
tended towards a L o r e n t z i a n shape. At very low concentrations 
the widths tended towards constant values and the l i n e s were 
almost Gaussian i n shape. The G2a r e s u l t s agree with these 
c o n c l u s i o n s of Manenkov and Fedorov. The - f to + ^ t r a n s i t i o n 
i s n e a r l y Gaussian and the +i to +3/2 t r a n s i t i o n i s n e a r l y 
L o r e n t z i a n , which i s equivalent to the above conclusions 
f o r the higher concentration samples. 

A l t s h u l e r and Mineeva (I963), from t h e o r e t i c a l 

c o n s i d e r a t i o n s , s t a t e d t h a t the lineshape should be c l o s e to 

a L o r e n t z i a n shape and t h a t the to +-h t r a n s i t i o n should 

be wider, a t 0° than a t 55°. More d e t a i l e d consideration w i l l 

be given t o t M s l a t e r when the concentration of chromium 

i s considered. 

Itonenkov et a l . (I963) reported measurements which 

r e v e a l e d broadening from 4 to 25 oersteds produced by 

non-uniformity of the c r y s t a l l i n e f i e l d which i n t u r n i s 

produced by s t r a i n i n the l a t t i c e . The r a t i o of the li n e w i d t h 

of the + ^ to +3/2 and to +^ t r a n s i t i o n s deviated from 1*3 

f o r l i n e s broadened by t h i s mechanism. This r a t i o was c l o s e 

to 1'3 i n the samples i n v e s t i g a t e d here, so the e f f e c t s of 

non-uniformity of the c r y s t a l l i n e f i e l d were absent from the 
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samples. 
CRYSTAL IMPERFECTIONS AND LINEWIDTHS. 

Equation 4•3 i s a r e l a t i o n between the spread I n 
directions of the c-axls, , and the extra broadening of 
the l i n e produced by t h i s spread I n c-axis directions. The 
physical imperfections i n the samples produce the spread 
as shovm i n f i g u r e 11. I n o r d e r to establish which parameter 
from the X-ray results was most suitable f o r use as 
estimates of the broadening produced by nine possible 
parameters were made. The parameters used were the mean value 
of the c-axis misorientation i n the sample, the standard 
deviation of the values of the c-axis misorientation 

JiT j c J ^ , a parameter related to the constant of a Gaussian 
d i s t r i b u t i o n , the mean value of the mosilc misorientation, 
i t s standard deviation ^ , ^ 2 ^ ^ , the mean of the combined 
c-axis and mosaic misorientation, the standard deviation 
of the combined mlsorientations ^ &nd^ii <fZ . The values of 
these parameters f o r the two seimples are l i s t e d i n table 7 

together with the predicted broadening of the - 3 / 2 to 
t r a n s i t i o n at 45^« When the values f o r were calculated, 
some extra X-ray results were used which are not recorded i n 
table 5 . In order t o make the predLcLtions, values of 
dH/d © had to be used. They were obtained from graphs, which 
were constructed from experimental r e s u l t s , of magnetic f i e l d 
f o r resonance against polar angle and are l i s t e d i n table d. 



TABLE 7. 

PREDICTIONS OF LINEWIDTH BROADENING. 

* 3 / 2 to - i t r a n s i t i o n at the polar angle 4 5 ° . 

^9 Sample 337c 
parameter A9 broadening 

radians oersteds 
c-axia 
misorien. 
mean 
OS. 

0.0127 
0 .0063 
O.OOS9 

77-5 
36-4 
54-3 

Sample G2a 
A 9- broadening 

radians oersteds 

0.0119 
0 .0054 
0.0076 

7 2 . 6 
3 2 . 9 
4 6 . 5 

mosaic 
-misorien. 
mean 0*0015 

0»0041 
0*0056 

9" 
25 ' 
3 5 ' 

0*0084 
0*0052 
0*0074 

51*2 
31*7 
44-e 

c-axis emd 
mosaic 
misorien. 
mean 

(Tc-
0*0067 
0*0077 
0*0109 

40*9 47*0 
66*5 

0 . 0 1 
0 .0056 
0*6679 

61*0 
34*2 
48*4 

6~ standard deviation, <rJ5 a constant related to a 
Gaussian d i s t r i b u t i o n . 



TABLE $. 

VALUES OF dH/d8. 

Polar dE/dd (oersteds/radian) 
angle 

- 3 / 2 to 
Transition 

to + 3 / 2 to + i - i to + 3 / 2 

0 ° 0 0 0 0 

15° 2*4 .10^ - -I'd.10^ 

3 0 ° 5'0.10^ -5" 9 . 1 0 ^ - 2*d . l 0 ^ 

45° 6*1.10^ - 6 " 2 . 1 0 ^ - -3'4 .10^ 

55° 6*3.10^ -4' e.io^ -8*7.10^ 

6 0 ° 6*3.10-^ -4* 4 .10^ - 3 ' 0 . 1 0 ^ 

75° 3*S .10^ -2* 1.10^ - 2 * 2 . 1 0 ^ 

9 0 ° 0 . 0 0 0 
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The predicted values of the extra broadening A H 
were compared w i t h the experimental values. I n obtaining the 
experimental values an assumption had to be made concerning 
the basic llnewldth at the polar angle 4 5 ° . This i s discussed 
f u r t h e r , below. The measured values of A H are (44*6 i 6 ' 5 ) 
oersteds f o r G2a and (7*4 * 5*5) oersteds f o r 337c. Comparison 
wi t h table 7 shows that the mean of the mosaic misorientation 
i s the most suitable parameter f o r 

A9. 

I n f i g u r e 2 1 the curves numbered 1,2 and 3 are 
predictions of the linewidth of the tra n s i t i o n s using the meain 
mosaic misorientation and values from table 6 I n 4 . 3 , and 
adding the values onto a suitable basic width. The curves 
1 and 2 I n flgtxre 22 are simila r predictions f o r the to + 3 / 2 

t r a n s i t i o n . The assumption was made that the basic llnewldth 
at any angle, that i s the width I n a sample which did not 
show mosaic broadening, could be obtained by inter p o l a t i o n 
from the known values at 0 ° and 9 0 ° . The widths at 0 ° and 9 0 ° 

did not contain any broadendLng caused by physical Imperfections 
because dH/d 9 = 0 at these angles. I f both widths were 
known, the basic width at any intermediate angle was 
estimated by simple proportion from these values. For those 
t r a n s i t i o n s which did not have a value of linewidth at 0 ° , 

the value at 9 0 ° was used as the basic linewidth f o r a l l the 
other polar angles. The predictions are overestimates of the 
measured values. That f o r the + to + 3 / 2 t r a n s i t i o n I s the 
most Inaccurate while those f o r the - 3 / 2 to - transitions 
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ara the best f i t s . The - i to +3/2 t r a n s i t i o n i n both samples 
i s overestimated by about two times. 

The maximum value of the linewidth i n G2a f o r the 
* 3 / 2 t o — ̂  t r a n s i t i o n occurs i n the region of the maximum 
value of dH/d 6̂  , that i s near t o 5 5 ° . For 337c,*hich has a 
smaller value of , the decrease i n the basic linewidth 
between 4 5 ° *nd 5 5 ° i s larger than the difference i n values 
of AH at thesse two angles, so the maxijnum occurs at 4 5 ° i n 
t h i s case. For the other two tr a n s i t i o n s considered i n d e t a i l , 
the maximum value of dH/d& occurs at 4 5 ° * so the maximum 
broadening occurs at t h i s angle also. Even so, the maximum 
linewidth may occur at another angle i n samples with small values 
o f A*©, when the assumed basic width varies from angle to angle. 

In G2a the d i s t o r t i o n of the lines at 4 5 ° and higher 
angles i n the - 3 / 2 to - i t r a n s i t i o n i s related t o the physical 
imperfections i n the sample and the asymetry i n the values of 
dH/d ^ . The gradient i s larger at most angles above 4 5 ° 

than f o r angles below 4 5 ° . The values of dH/d& f o r the 
+ -I to + 3 / 2 t r a n s i t i o n are less, i n most cases, than the values 
f o r the *-3/2 t o •* ̂  t r a n s i t i o n at the same value of polar angle, 
so the former does not broaden as much as the l a t t e r i n any 
one sample. 

The differences i n shape of the ^ i to + 3 / 2 

t r a n s i t i o n i n the two samples lend Support t o the r e l a t i o n 
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between the extra broadening i n the l i n e and the mosaic 
structiiTe of the samples. The more perfect sample produced 
a l i n e tending towards Lorentzian i n shape. G2a, on the 
other hand produced a l i n e tending towards a Gaussian shape. 
This would be expected i f the second sample consisted of a 
large number of blocks, each one misorientated w i t h respect 
to i t s neighbour i n a random fasHon so that the l o c a l f i e l d s 
a t the s i t e s of the chromim i n each block also varied i n a 
random fadiion. A v a r i a t i o n of s t a t i c l o c a l f i e l d s of t h i s 
type produces a Gaussian l i n e shape. This i s what was 
observed i n the more imperfect of the two samples. 

From the experimental values of AH, obtained using 
the same assumption concerning the basic widths as above, 
several values of f o r each sample were calculated. For 
G2a, from ten values, A © " 5*1.10"^ radians, f o r 337c , from 
nine values, A © = U't.lO'^ radians. Using these values the 
llnewidths of the t r a n s i t i o n s were predicted again and they 
are plotted as curves 4 ,5 and 6 on figure 21 and curves 3 

and 4 on f i g u r e 22. The predictions are now a better f i t to 
the experimental re s u l t s . The only major deviation i s i n the 
-3/2 t o t r a n s i t i o n i n G2a which i s now underestimated 
at the central values of the polar angle. Even i n t h i s case 
the values are not as f a r out of agreement aa may appear from 
a cursory examination of the graph. The measured value 
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of A H i s (44*6 i 8*5) oersteds at the polar angle 45° 

and the predicted value i s 31 oersteds, so the difference i s 
about 1*5 times. 

The to +^ t r a n s i t i o n i n G2a shows broadening 
caused by mosaic structure because dH/d ^ i s not exactly 
zero and A9 i s large. For more perfect samples such as 
337c, the broadening fromtthis source i s very small. 

The agreement between the second set of predicted 
linewidths and the measured values cannot be taken as a 
j u s t i f i c a t i o n of the assvunptions about the basic linewidth 
at polar angles away from 0° and 90° because the parameter 
used to make the predictions was based on t h i s assumption. 
This lack of support f o r the assumption does not invalidate 
the conclusion concerning the use of the mean of the mosaic 
misorientation as the parameter A9 since the other parameters 
suggested could not be made to f i t the results. I n order 
to estimate the true value of the basic linewidth at any 
angle, measurements must be made on a perfect sample, or 
perhaps a detailed t h e o r e t i c a l prediction of the linewidth 
at the various angles could be made as Altshuler and 

A A o Mineeva have done f o r the - ^ to + ^ t r a n s i t i o n at 0 
and 5 5 ° , and the + ̂  to +3/2 t r a n s i t i o n at 0°. T h ^ 
predictions f o r the -^ to + ̂  t r a n s i t i o n indicate that the 
basic linewidth increases 1*8 times from 55° to 0°. This 
predicted v a r i a t i o n was not i n fact observed, see below fc?r 
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fur t h e r d e t a i l s , but the experimental work and the theoretical 
work both Indicated that the basic llnewldth could vary with 
angle f o r one t r a n s i t i o n and t h i s v a r i a t i o n i s not necessarily 
i n the simple way assumed above. Working backwards from the 
meastired linewldths, the basic linewidths were predicted 
using the X-ray values f o r . Their values are i n table 9. 

The values of A^obtained from the X-ray and 
linewidth measvirements are i n reasonable agreement. The X-ray 
values were obtained from eight exposures which examined about 
one-twentieth of the area of the (0001) and the (OOOl) faces. 
The linewidth values were obtained from measurements which 
Included the whole of the sample, but t h e i r accuracy may be 
marred by the assumption of a basic linewidth made above. 
CHROMIUM CONCENTRATIONS'; 

' The predictions of linewidth mentioned above, which 
were made by Altshuler and Mlneeva (19^3), were based on the 
assumption that the major contribution to the llnewidth was 
the exchange i n t e r a c t i o n . . The prediction f o r the - ̂  to + ̂  
t r a n s i t i o n at 0° agrees with experiment over a certain 
concentration I n t e r v a l . Theory and experiment only agree f o r 
t h i s t r a n s i t i o n at 55° i f the llnewldth produced by hyperflne 
interactions i s subtracted from the measured llnewidth. The 
prediction f o r the + i t o +3/2 t r a n s i t i o n at 0° does not agree 
w i t h experiment and t h i s I s thought to be due to l a t t i c e defects 
and other sources of broadening making a major contribution to 



TABLE 9. 

PREDICTIONS OF THE BASIC LINEWIDTH. 

Sample 337c. 
Polar Basic linewidth (oersteds) angle Transition 

- i t( 
angle 

-3/2 to - i + i to +3/2 to +^ - i t( 
0 ° 38*6 -. 32*0 -
15° 33-9 - - 23*4 

3 0 ° . 28*9 24*9 - 18*8 

4 5 ° 33*0 • - - 21*3 
55° - - 27-6 -
56° 29*6 -
6 0 ° - 27*3 - 20*3 
7 5 ° 27*6 28 .3 - 2 1 . 0 

9 0 ° 31*1 33*0 - 24*0 

Sample G2a. 

0 ° 35*6 - 24*4 -
15° 19*6 - - 17*3 

3 0 ° 24* 6 - 12*8 

4 5 ° 2 6 . 4 - - 7*7 
5 5 ° 29*5 - 2 1 . 9 -
6 0 ° - - - 8 .8 

7 5 ° 17*1 • - - 1 1 . 5 

9 0 ° 31*0 - - 2 2 . 2 
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the l i n e . 
The i n t e r e s t i n g results from the work of Altshuler 

and Mineeva are the relations between the linewidth, i n 
c/sec, and the chromium concentration f , defined as the r a t i o 
of the number of chromium ions to the number of aluminium 
ions, f o r the --J- to +^ t r a n s i t i o n at the polar angles 0° 
and 55°. They are 

e = 0°, . h\ = 4.10^°f. 
i n 7.1 

B = 55°, AVi = 2.2.10-^^f. 

At 55° the widths of t h i s t r a n s i t i o n i n both samples 
are about 30 oersteds, so a f i r s t estimate of the concentration 
i n both samples i s about 0*4 weight per cent. This figure i s 
i n the region where the th e o r e t i c a l predictions are reasonable. 
The refined estimates are i n table 10. I n t h i s table allowance 
was.made fo r the effects of mosaic structure and hyperfine 
interactions on the linewidth at 55°. The concentration i n 
337c predicted from 7.1 i s f i v e times the concentration 
estimated chemically and i n G2a i t i s from six to nine times 
the chemical concentration. The estimates of the concentration 
made chemically can be regarded as a mean f o r the sample. 
The values i n table 10 are at the lower end of the concentration 
region over which Altshxiler and Mineeva established that 
t h e i r predictions were reasonable. I t i s thought that the 
larger values of concentration represent the congregation of 
chromivim i n the grain boundaries and dislocations. Thorp et a l . 
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(1964). I n t h i s paper the authors reported variations i n 
concentration of up to s i x t y times, and the positions with 
the higher concentrations were correlated with the regions 
of d i s t o r t e d material containing grain boundaries and large 
numbers of dislocations. The highest concentration reported 
was 2 ̂ , therefore, the values obtained here are not 
unreasonable. 

Klyshko (19^4) has also made predictions r e l a t i n g 
the chromiiim concentration t o the root mean square linewidth. 
His predictions are only f o r the - ̂  to + ̂  t r a n s i t i o n at 
0°. Using the value of the llnewldth at t h i s angle, and the 
value of the l o c a l concentration estimated from the linewidth, 
the mean spacing of the chromium ions can be estimated from 
the table given i n Klyshko•s paper. The values obtained from 
the res u l t s of t h i s work are not i n t h i s table, so the beat 
estimate i s that the mean spacing i s greater than 7*27 

angstrom units w i th the spacing i n G2a greater than the 
spacing i n 337c . 

As a check to see whether the estimated 
concentrations i n table 10 are the concentrations i n the 
dist o r t e d material of the samples, two estimates were made of 
the volume of distorted material. From the estimated value 
of the concentration the number of chromium ions i n the 
dist o r t e d material was calculated and compared to the t o t a l 
nmber of chromium ions in^the specimen obtained from the 



ERRATA 

Page 102, l i n e 9, f o r 1 0 r e a d loj-^. 
Page 102, l i n e 22, f o r lO'*" read 10̂ **. 
Page 102, l i n e 22, et seq., delete from the new sentence on t h i s 
l i n e u n t i l the end of the paragraph, page 103, l i n e 4, and 
substitute, **This i s the same order as the number of chromiuB 
ions known to be i n the sample, so i t appears that a large pro­
portion of the chromium ions congregate i n the distorted region 
associated with the dislocations. This supports the evidence 
i n the paper by Thorp et a l . I t i s d i f f i c u l t to make a better 
estimate of the distorted volumes i n the samples." 
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chemical concentrations. The f i r s t calculation was based on 
an estimate of the number of dislocations i n a sample and the 
volume of distorted material associated with each dislocation. 
Most of the dislocations i n each sample belong to the basal 

6 2 s l i p system which has about 3.10 dislocations per cm . 
Assuming the dislocations pass through the specimen and that 
they d i s t o r t the material i n a radius of 15 angstrom units 
around t h e i r path, the volume of distorted material i s about 
6.10"^ cm^. This volume contains about 10^^ chromium ions. 
The spectrometer vrould have had d i f f i c u l t y i n detecting t h i s 
number of spins. Also i t i s the same order as the number of 
spins which i n a random d i s t r i b u t i o n of chromium ions would 
occupy si t e s some eight angstrom units apart. I f the estimated 
volvime of distorted material i s correct, these figures seem to 
indicate that the c o l l e c t i o n of chromium ions i n the grain 
boimdaries has l i t t l e influence on the linewidth. However, 
the volume may have been imderestimated. The second attempt 
to evaluate i t was based on the observed area of grain 
boundaries revealed by the etching on the surface of the material. 
This area was assumed to pass r i g h t through the specimen. The 

-2 3 
volume estimated i n t h i s fashion was 10 cm*̂  which would 

20 
contain 10 chromium ions. This i s larger than the number of 
chromium ions known to be i n the sample, so i n t h i s case the 
volume of dis t o r t e d material seems to have been overestimated. 
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The evidence i n the paper by Thorp et e l . pointed towards 
the chromium ions congregating i n the dislocations, so the 
true volume of dis t o r t e d material i s probably between the 
two estimates. 

Altshuler and Mineeva assumed a Lorentalan shape 
f o r the l i n e when they gave the relationship between the ha l f 
width and the chj^omium concentration. The results given 
here f o r the - ̂  to +^ t r a n s i t i o n are i n closest agreement 
wi t h t h i s assumption at 55°. Their calculation assumed that 
the main contribution to the linewidth came from the exchange 
in t e r a c t i o n . Here i t has been assumed that the broadening 
caused by the mosaic structure can be added d i r e c t l y to t h i s 
basic llnewldth to produce the t o t a l linewidth. The exchange 
Int e g r a l s , which occurred i n the theory of Altshuler and 
Mlneeva, were evaluated by means of a relationship involving 
two constants. The constants were evaluated empirically from 
a known value of the In t e g r a l at a certain i n t e r i o n i c spacing 
and a known value of the ha l f width at a certain concentration. 
No values f o r the Integrals were calculated i n the region 
where the exchange i n t e r a c t i o n produced n̂ W lines rather than 
broadening. The c r i t i c a l value of the spacing of the chromium 
ions where the exchange altered from s p l i t t i n g the transitions 
to broadening the t r a n s i t i o n s was obtained by comparing the 
energy'of the exchange int e r a c t i o n With the energy of the 
c r y s t a l f i e l d s p l i t t i n g . When the exchange energy was larger. 



-104-

the l i n e s were s p l i t , and when i t was smaller, the lines were 
broadened. Having established i n t h i s way the c r i t i c a l 
spacing of the ions, t h e i r prediction of the linewidths 
required only a knowledge of the l o c a l concentration i n order 
to compare them with experiment. 

Klyshko also used the concept of c r i t i c a l spacing, 
but he assiimed that the exchange interactions between ions 
spaced further than the c r i t i c a l spacing were negligible with 
respect to the dlpole-dipole interactions between these ions. 
He suggested that the value of the c r i t i c a l spacing could be 
obtained from the measured value of the llnewidth. This was 
done, with the help of the table given by Klyshko, i n the 
analysis given above. Two parameters, the c r i t i c a l spacing 
and the concentration, have to be inserted into his 
prediction of the llnewidth before i t can be compared with 
experiment, and also, an assumption has to be made concerning 
the shape of the l i n e . The figures which he quoted i n the 
paper were f o r a Gaussian l i n e shape. The - ̂  to +^ 
tra n s i t i o n s at 0° polar angle were close to Gaussian i n shape. 
CONCLUSIONS. 

The widths of the various tra n s i t i o n s examined, 
including the - ̂  to + ̂  t r a n s i t i o n , vary with polar angle, 
and have a maximum i n the region of 45° to 55°. The amovint 
of the broadening depends on the imperfection i n the sample 
and has been correlated with the mean value of the mosaic 
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mlsorientatlon. Using the th e o r e t i c a l predictions of Altshuler 
and Mlneeva, the l o c a l concentrations of chromium i n the two 
samples were evalviated. These concentrations were several 
times the chemical concentrations i n the samples, and they 
are thought to be concentrations of ions accumulated i n the 
dislocated material. Sample G2a, which was the more imperfect 
sample, had a larger r a t i o of l o c a l to chemical concentration 
than 337e , i n d i c a t i n g that i n G2a the grain boxmdaries 
accumulated more chromiiam from the surrounding good material 
than they did i n 337c . 

The two volumes calculated i n the previous section 
represent two d i f f e r e n t regions of the c r y s t a l . The smaller i s 
the volvme i n which the dislocations have obliterated the c r y s t a l 
structure. The larger i s the volume over which the dislocations 
have produced e l a s t i c strains. From the strength of the 
observed signal, the measured concentrations and the estimated 
volixmes, i t appears that the chromium ions which contribute most 
to the linewidth congregate i n the e l a s t i c a l l y strained region. 
This region i s related to the mosaic structure not the c-axis 
misorientation, which explains why A9 i s related to the mosaic 
structure only. 

The dislocation pattern depicted i n figure 11 was 
assumed to be formed from simple edge dislocations. More complex 
systems probably existed i n the samples, but neither the X-ray 
nor the llnewidth measurements could detect these readily. 
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CHAPTER EIGHT. 
CONCLUSIONS. 

Conclusions dravm from the experimental 
work; discussion of the growth process; 
comments on maser action i n these materials; 
thoughts about possible future work. 

CONCLUSIONS DRAV/N FROM THE EXPERIMENTAL WORK. 
The X-ray work revealed that i n every type of boule 

examined the c-axis changed direction from place to place by 
as much as 3^ and that superimposed on t h i s was a random 
distrib u t i o n of mosaic with variations i n the c-axis direction 
from c r y s t a l l i t e to c r y s t a l l i t e of up to 3 ° . The l i n e a r 
dimensions of the c r y s t a l l i t e s varied from microns to 
millimetres. The boules grown i n the 90° growth direction were 
observed to contain l e s s polycrystalline material than those 
grown i n the other directions. Annealing of the 0 ° growth 
direction ruby boules did not improve t h e i r structure but i t 
did improve t h e i r a b i l i t y to withstand handling. There was 
no apparent connection be^?ween the distribution of mosaic 
structure i n a boule and i t s crystallographic structure. In 
0 ° growth orientation boules the regions of good or poor 
material extended p a r a l l e l to the growth direction. This 
would be consistent with the propagation of dislocations from 
the seed c r y s t a l during growth. In boule 319 a plane of good 
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materio.! was observed between the seed c r y s t a l and the main 
part of the boule. This was explained as follows, when 
the boule reached a certain s i z e thermal stresses would be 
large and would form grain boundaries by polygonieation. The 
plane of good material occurred i n the region close to the 
seed where the stresses were l e s s and the polygonisation 
process was unlikely to take place. 

Chemical etching revealed the s i t e s of edge 
dislocations on the (0001) pleme of the boules. The random 
dislocation densites i n boules of every type, sind i n one seed 
c r y s t a l , were similar. The s i m i l a r i t y of the imperfections 
i n ruby and corimdum, together with evidence that the chromium 
i s found i n larger amounts i n the distorted regions of the 
ruby boules, was taken as demonstrating that the chromium does 
not form the dislocations but tends to congregate i n the 
dislocations during the growth process. 

Paramagnetic resonance linewidth measurements were 
performed on two samples, 337c, which had been annealed at 
1930°C, and G2a, which was from the same boule as the f i r s t 
rod of English made ruby to be used i n a laser. A l l the 
tran s i t i o n s examined showed broadening as the polar angle was 
altered from either 0° or 90° towards 45°. The amount of 
broadening depended on the sample as well as the tra n s i t i o n 
examined and i t reached a maximum i n the region of 45° or 55° 
depending on the tra n s i t i o n . The linewidth was f i t t e d to an 
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expression of the form 

'= V s i c ^^-dH/d^. e . i 

^ was estimated at the various polar angles from the basic 
values of. linewidth at the angles where dH/d9 = 0 and was 
the meem value of the mosaic misorientation. C-axis 
misorientation of nearly 1 ° did not appear to produce any 
angular dependent broadening. The value of calculated 
from the linewidths agreed quite well with the value calculated 
from the X-^ray r e s u l t s . Broadening caused by non-uniformity 
of the c r y s t a l l i n e f i e l d was not present. 

The shapes of the l i n e s examined were usually 
closer to Gaussian than Lorentzian, Some of the li n e s i n the 
l e s s perfect sample, G2a, were distorted from thei r usual 
near symmetrical shape by the mosaic broadening. 

A more complete analysis of the width of the 
- ̂  to +jf t r a n s i t i o n s revealed values of the chromium 
concentration which helped to produce the linewidth. These 
values were larger than the values revealed by chemical 
methods and were taken as being the values of the l o c a l 
concentration i n the grain boundaries and dislocations. 
DISCUSSION OF THE GROWTH PROCESS. 

The basal and prismatic s l i p systems encourage the 

growth of large boules i n the 0 ° and 73° growth orientations. 

The 90° boules are usually smaller. Because of the difference 
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i n s i z e , the thermal stresses i n the 90° boules are l i k e l y 
to be l e s s than i n the other boviles and so the action of 
polygonisation i n the 90° boules i s l i k e l y to be l e s s . The 
polygonisation process can generate dislocations as well as 
form existing groups of dislocations into grain botuidaries. 
Therefore, even with an almost perfect seed c r y s t a l , i f the 
boule i s under s t r e s s during the growth process, dislocations 
and grain boiuidaries are l i k e l y to occur. As thermal stresses 
are l e a s t l i k e l y i n small 90° boules, i t appears that the 
best material should r e s u l t from using the seed c r y s t a l with 
the lowest dislocation density to grow a small boule i n the 
90° orientation. 

Any attempt to reduce thermal stresses by reducing 
the temperature gradients i n the furnace i s usually very 
d i f f i c u l t to put into operation and i t may make the growth 
process longer by slowing the cooling rate. I t i s the thermal 
gradients within the boule which have to be adjusted to reduce 
the thermal s t r e s s e s , not those within the furnace, although 
i t i s obvious that a l t e r i n g the l a t t e r w i l l a l t e r the former. 
Sometimes i t may be advantageous to have a large temperatiire 
gradient within the boule so that the iruier regions of the 
boule cool to the s o l i d i f i c a t i o n point rapidly. 
COMMENTS ON MASER ACTION. 

Crystals of the type described here would havd 
several effects on maser action. The angular broadening of 
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the -^ to + 3/2 t r a n s i t i o n , which could be used as a pump 
tr a n s i t i o n , would mean that at some angles pump power would 
be l o s t i n the wings of the transition. The angular 
broadening of the major t r a n s i t i o n s , on the other hand, mfiy 
be usefvil i n allowing a wider bandwidth for the signal. The 
spread i n the directions of the c-axis may mean that at 
any one orientation where the angular position i s c r i t i c a l 
part of the c r y s t a l i s not undergoing maser action. The 
higher l o c a l concentrations i n the poor material mean that 
cross-relaxation i s more effective and t h i s too may cause a 
loss of pump power. For ruby masers working at temperatures 
above those of l i q u i d helium the extra cross-relaxation may 
be an advantage. These comments show thkt the effects may 
or may not be advantageous depending on the exact requirements 
of the maser system. 

I f the small 90° growth boules are of better quality 
than the ones described here i t may be possible to fabricate 
large pieces of ruby suitable for use i n masers or la s e r s . 
The accuracy required i n aligning the various blocks with 
respect to one another w i l l discourage attempts at a widespread 
use of t h i s technique. 

The quality of any sample of ruby can be Judged 
from three measurements of the half widths of transitions. 
They are the -3/2 to - ̂  and the - i to +^at 0° polar angle, 
and the - ̂  to + at 55°. From these, the magnitudes of the 



TABLE 10. 

CHROMIUM CONCENTRATIONS PREDICTED FROM LINEWIDTHS. 

Sample 337c Sample G2a 

Polar 0 ° 55°(a) 55°(b) 0 ° 55°(a) 55° (b) 
angle 

Measured 32*0 2&'9 2S'9 24*4 29*2 29*2 
linewidth 
(oersteds) 
Adjusted + 32*0 I S ' 8 17*9 24*4 12*2 15'1' 
linewidth 
(oersteds) 
Concentration 0 '23 0 '24 0 '23 0 '17 0 '16 0 '2 
(weight 95 ) 

+ Adjusted linewidth applies to the values at 55° where 
allowance has been made for the broadening of the l i n e 
caused by mosaic structure and the contribution to the 
width from hyperfine interactions. This l a t t e r 
contribution was taken as 9«7 oersteds, i t s theoretical 
value. I n calculating the broadening caused by mosaic 
structure, case (a) i s the value estimated from the X-ray 
value of the mosaic misorientation, case (b) i s the 
value estimated from the linewidth value of the 
misorientation. 
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mosaic misorientation, the non-uniformity of the c r y s t a l l i n e 

f i e l d and the chromium concentration can be calculated. I f 

more accuracy i s required i n the value of the mosatic 

misorientation, i t would be advantageous to measure the half 

width of the -3/2 to - ll" t r a n s i t i o n at the polar angle 45° 

also. 
FUTURE WORK. 

One of the projects which could be started 
immediately with the spectrometer used for the measixrements 
described here i s a similar Investigation of the -3/2 to + ^ 
and the -3/2 to +3/2 transitions and a f u l l investigation 
of several more samples to confirm the importance of mosaic 
structure as compared to the c-axis misorientation. I t 
would also be interesting to investigate some samples from 
90° growth orientation boules and from boules with low 
dislocation densities. The quality test suggested at the end 
of the l a s t section could be applied to small pieces taken 
from different regions of the same boule i n order to check 
the d i s t r i b u t i o n of mosaic structure and chromium 
concentration and t h e i r correlation. By experimental or 
t h e o r e t i c a l methods the basic linewidth i n undlstorted 
samples ought to be estimated. This parameter had to be 
assumed above. One l a s t suggestion i s to attempt to 
correlate the measured linewidths to the s t r a i n around the 

dislocations i n the samples and the displacement of the atoms 
coimected with the dislocations. 
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APPENDIX ONE 

A l e t t e r to the editor, reprinted 

from the B r i t i s h Journal of 

Applied Physics, Volume 15, page 775, 

1964. 
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are caused by local high concentrations of chromium. Thus to achieve better homogeneity 
of doping the mosaic imperfection should be reduced, for example by better control of the 
temperature gradients occurring in the growing crystal. 

Similar arguments apply to the distribution of iron impurity concentrations. 
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Figure!. Specimen 1. Outer region of ruby 
boule (concentration 20 ng Cr per mg A^Oj). 
Back reflection photograph taken 0-5 mm 
from boule outer surface. Beam parallel to 

c axis, CuKa radiation. 

Figure 2. Specimen 1. Central r ^ o n of ruby 
boule (concentration 0 • 35 /<g Cr per mg A1»0,). 
Back reflection photograph taken 4-5 mm 
from boule outer surface. Beam parallel to 

c axis, CuKa radiation. 

r 

1 

Figure 3. Etch pit pattern on (0001) face in central region of boule. Magnification X160. 
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APPENDIX TWO. 

' THE CALCUUTION OF TRANSITION PROBABILITIES 

IN THE GENERAL CASE 

The experimental arrangement deviated i n two respects 
from the perfect arrauiganent assumed i n chapter four for the 
calculation of the t r a n s i t i o n probabilities. The c-axis 
of the specimen was not p a r a l l e l to OX nor was the guide 
p a r a l l e l to Oy. The situation i s shown i n figtxre 23. 

The components of Ĥ  and along x,y and z are 

^ ^ ^ V A ^ ^ ) f/^ - U:2^ ^^e.ai^ A2.1 

These components cause the transitions and by combining them, 
taking account of the phsaaes, the t r a n s i t i o n probabilities can 
be calculated. However, by careful adjustment of the waveguide 
s3o that i t i s perpendicular to the x-z plane, 0**, 

^ = i = 90° and ^ =» 0 ° because OX i s then i n the x-z plane. 
Thei»efore, the expreasioife i n A2,l simplify considerably to 

I t i s known from the X-ray and etching work that 
1^ 5^' The mean direction of the c-axls can be resolved onto 

the w a l l s defined by r s and by £t where i t has the values Xand 
^ respectively. Then 9 - -jj-^t ^ as r s i s i n the x-z plane 
because 0 ^ Then expressions A2.2 become 



KEY TO FIGURE 23. 

c i s the c-axis, r i s OX, s_ i s OY and t i s OZ. 
Oz i s the magnetic f i e l d direction. 
The cooi'dinates of c are 9 , ^ j the 
coordinates of r are ^ , ^ ; the coordinates 
of t are 6, i . 

The angle between t and Oy i s ^ . 
The angle between c and r i s ^ . 
^ i s the angle between the magnetic f i e l d 
d i r e c t i o n and OX (the broad dimension of the 
guide). 
r i s the angle between Ox and the intercept of 
the plane Oz OXvith the v e r t i c a l plane containing 
Oz. (Horizontals and v e r t i c a l s are with respect 
to the floor.) 
£ and 1 are s i m i l a r for OZ. 
H^ i s p a r a l l e l to r and H^ i s p a r a l l e l to t . 



\-

C O O R D I N A T E SYSTEM FOR CALCULATING T R A N S I T I O N 
P R O B A B I L I T I E S . 

F I G U R E 23 
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I n the calculations performed i n chapter four the 
effects of X were neglected because i t was desired only to 
compare the probabilities at two neighboiiring polar angles 
and not to calculate the absolute probabilities at these 
polar angles. The a n g l e ^ means that the c-axls i s not i n 
the x - 2 plane even i f r s , the wavegiiide, i s . ^ projects 
into the x-y plane and i t iiidicates the permanent 
misorientation of the c-axis about Oz and i s the ̂  coordinate 
of the system. The variations i n ̂  are about t h i s direction 
^ but i n the case of the calculation i n chapter foiir t h i s i s 
not of Importance because, through the eigenvectors,^ w i l l 
a f f e c t the t r a n s i t i o n probabilities at each angleQ by the 
same amount. For comparison purposes i t i s adeqviate to take 

= 0 ° . 

The assumptions given above concerning the 
neglecting of terms are not always correct, especially i f 
^ i s not exactly equal to zero. H has two terms, one 
i s H y / i ^ ^ ^ ^ ^ and the other i s \\^yic^e A^L, for 
ol^^ 0 ° , £ 1 or 9 0 ° , <r 0° and )r= 90° the term 
i n H^ i s very much smaller than the term i n Hj^. For 0° 

however, the term i n H^ i s zero so the term i n H^ i s the 
important term. Similar comments apply to H^. and H^ and 
they should be allowed for i n the complete calculation of 
the probabilities. 

The importance of aligning the waveguide as 
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accurately as possible i n order to make = 0° and so 
make the above assumptions v a l i d , can now be seen. In th i s 
case the simple calculations made to check whether the 
tr a n s i t i o n probabilities vary rapidly with angle are r e l i a b l e . 
Also, when K = 0° the angle at which the magnet i s set i s the 
polar angle. I f ̂  i s made as small as possible, further 
simplifications can be made. A second reason for having a 
small value of ̂  i s that the specimens were more ea s i l y 
examined by the X-ray and etching techniques i n t h i s 
orientation. 
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