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Abstract 

The design and construction of a 

complete microwave spectrometer operating at 35 Gc/s i s described. 

The receiver i s of the superheterodyne type with an intermediate 

frequency of V? Mc/s; the local o s c i l l a t o r signal i s derived by 

a novel method from the output of the monitor klystron. A 

superconducting magnet i s used, capable of producing steady 

magnetic f i e l d s up to k2.6 kilo-oersteds. 

A second spectrometer i s described 

which uses the same magnet and cryogenic system as the other 

spectrometer but which has a completely different microwave 

section. This equipment has been used to measure spin - l a t t i c e 

relaxation times i n ruby and sapphire at 35 Gc/s using a single 

r e f l e x klystron producing a pulse power at the specimen of about 

10 microwatts. The results are compared with those obtained by 

the standard pulse saturation method and are shown to agree 

within experimental error. 

A t h i r d spectrometer operating at 

70 Gc/s by harmonic generation from 35 Gc/s has been constructed 

and used to measure d i r e c t l y the relaxation times i n the same 

specimens, using microwave pulses of less than 2 microwatts at 



the specimen. The results are compared with those at 35 Gc/s 

and a value for the frequency dependence of relaxation time i n 

th i s region i s calculated. Preliminary experiments with a 

superheterodyne receiver at 70 Gc/s are described; the complete 

70 Gc/s superheterodyne spectrometer i s powered from a single 

35 Gc/s r e f l e x klystron. A special case of subharmonic mixing 

has been found to be more e f f i c i e n t with t h i s system and suggestions 

for improving the performance are given. 

The uses of the microwave diode as 

a low-level detector, mixer, modulator and harmonic generator are 

described as they occur i n the text. 
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Symbols used i n the block diagrams 

Att : Attenuator 
BM : Balanced mixer 
CRO ; Cathode-ray oscilloscope 
D : Diode detector 
DA : D i f f e r e n t i a l amplifier 
DCA : Directly-coupled amplifier 
E-H : E - H tuner 
I : Isolator 
IF : IF amplifier 
K : Klystron, low-power reflex 
L : Load, r e s i s t i v e 
MD : Mixer diode 
ML : Matched load 
M T : Magic T 
PG : Pulse generator 
PK : Power klystron, pulsed 
PS : Phase s h i f t e r 
PWM : Pulse waveform monitor 
S : Specimen 
SG : Signal generator, RF 
T : Taper 
TCM : Transmission crystal modulator 
TS : Trigger source, multivibrator 
WM : Wavemeter, absorption 
3dB : 3 dB directional coupler 
6dB : 6 dB directional coupler 
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Chapter 1 
Introduction. 

1.1 The development of microwave spectroscopy 

Microwave spectroscopy began i n 

193̂ + with the classic experiments of Cleeton and Williams ( l ) on 

the absorption spectrum of ammonia. The wavelengths they used 

ranged between 1 and k cm, and t h e i r e.fforts are p a r t i c u l a r l y 

noteworthy i n view of the very l i m i t e d techniques available to 

them at that time. To make t h e i r measurements " i t became necessary 

•to produce electromagnetic waves of shorter wavelength than had 

been produced before by vacuum tubes". To do t h i s , they constructed 

small split-anode magnetrons with anode r a d i i of less than 0.5 mm. 

With the ammonia gas held i n a rubber bag, and microwave radiation 

focused on i t with parabolic r e f l e c t o r s , Cleeton and Williams 

observed the inversion of the ammonia molecule. 

hampered by the lack of equipment available, and for t h i s reason 

microwave spectroscopy lay dormant fo r many years. The much-needed 

research and development came during the Second World War when an 

intense e f f o r t was put in t o the development of radar. This opened 

up the f i e l d of microwave technology and, by the end of the war, 

microwave spectrometers of s u f f i c i e n t s e n s i t i v i t y could be assembled 

Experimental workers were severely 
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and used. Bleaney and Penrose (2) were the f i r s t to publish, 

following up the work of Cleeton and Williams, and Good (3) 

followed with the discovery of hyperfine structure i n the ammonia 

spectrum. 

Paramagnetic resonance experiments 

were f i r s t reported by Zavoisky (4) i n the USSR and by Cummerow 

and Halliday (5) i n America; G r i f f i t h s (6) observed ferromagnetic 

resonance, while Bloch (7), and Bloch, Hansen and Packard ^8) 

founded nuclear magnetic resonance. Microwave spectroscopy had 

begun, twelve years after the pioneer experiment had taken place. 

1.2 Electron spin resonance 

The phenomenon of electron spin 

resonance depends upon the fact that an electron has charge, mass, 

angular momentum and magnetic moment, and w i l l thus interact with 

i t s surroundings, The way i n which i t interacts can be used to 

supply detailed information about the atom or ion of which i t i s 

a part. For example, the experimentally determined data given by 

electron spin resonance (ESR) on the transition group metal ions 

i s l i s t e d by Bowers and Owen (9) and by Orton (10). The ESR 

spectrum can be used to i d e n t i f y an unknown tr a n s i t i o n metal ion 

or a l a t t i c e defect, or to distinguish between two valence states 



1.3 

of the same ion. The chemist uses ESR as a method which can 

i d e n t i f y chemical bonding i n molecules and crystals. The systems 

which can be studied by electron spin resonance can be broadly 

cl a s s i f i e d as: 

(a) t r a n s i t i o n elements; 

(b) free radicals; 

(c) conduction electrons; 

(d) b i o l o g i c a l materials; 

(e) semiconductors; 

( f ) irradiated substances. 

At the present time biological materials and irradiated substances 

are receiving most attention i n electron spin resonance laboratories. 

1.3 Techniques i n electron spin resonance 

In order to carry out a specific 

experiment using ESR, three basic pieces of apparatus are 

necessary: a source of microwave radiation; a specimen holder; a 

microwave receiver. The source can be a klystron, magnetron or a 

backward-wave o s c i l l a t o r , depending upon the frequency used and 

the power required. The specimen holder can take a variety of forms 

and w i l l not be discussed here. The microwave receiver i s usually 

the most complex part of an ESR spectrometer because, i n contrast 
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to optical emission spectroscopy, i t i s the absorption spectrum 

which i s being studied, and since the absorption coefficients 

involved are very small, the receiver must be highly sensitive 

and very stable. The type of receiver depends largely upon the 

device used to detect the microwave radiation. Bolometers and 

thermistors are usually r e s t r i c t e d to absolute measurements of 

CW power, t h e i r response times varying from 0.5 msec to about 

12 sec (11). The commonest microwave power detector i s the point-

contact diode, and t h i s can be used for a l l ESR work. Receivers 

employing point-contact diodes f a l l into three general classes: 

crystal-video; superheterodyne; synchrodyne. I t i s the receiver 

which largely dictates the accuracy and resolution of the overall 

microwave system, assuming that the individual components are of 

good quality. 

I f a steady magnetic f i e l d H q i s 

applied to a free electron, or to an atom having an unpaired 

electron, the magnetic moment vector of the electron w i l l precess 

about the direction of H with an angular frequency :.o which i s 

proportional both to H q and to the electronic magnetic moment. 
u- i s the Larmor precession frequency and i t s value i s given as: 

o ' 
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where ^ i s the gyromagnetic r a t i o . A sample containing many free 

electrons, or many unpaired spins, when subjected to a magnetic 

f i e l d H q , would not show any detectable evidence of the Larmor 

pr£oe"SSi(3tt. Each electron would be precessing at the same frequency 

but with completely random phase and there would be no "bulk 

precession" present,. I f a rot a t i n g magnetic f i e l d were 

introduced perpendicular to H q and of frequency equal to w, i t 

would serve two purposes: (a) to establish a reference phase for 

the precessing electrons; 

(b) to exert a secular torque on each 

electron, tending to t i p i t s magnetic moment vector re l a t i v e to 

H q . Effect (b) produces an a l t e r a t i o n of the energy of the electron 

and t h i s change of energy i s absorbed from that stored i n the 

rot a t i n g f i e l d H ^ . I n practice i s the microwave f i e l d and the 

Larmor precession, or electron spin resonance, becomes observable 

as an absorption of microwave power by the specimen under 

observation. This simple classical picture i s now modified by the 

quantum theory: an atomic spin can only exist i n one of a certain 

discrete set of allowed orientations (with respect to the direction 
7! + 

of the f i e l d H ) and energies. For example, the Cr ion i n ruby 

has four allowed orientations, leading to the four energy levels 
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for the Cr ion. These four levels comprise the lowest o r b i t a l 

energy le v e l of t h i s ion, and are called paramagnetic, or Zeeman, 

levels. 

The orientation of a spin vector 

(or a magnetic moment vector) disturbed by an applied radio-

frequency (EF) f i e l d tends to revert to i t s o r i g i n a l state, and 

the rate at which i t does t h i s i s determined by the spi n - l a t t i c e 

relaxation time, T^. The processes by which energy exchange occurs 

between the electron spin system and the crystal l a t t i c e are 

complicated and obscure, but the effect that the magnitude of the 

s p i n - l a t t i c e relaxation time has on the s u i t a b i l i t y of a substance 

for maser operation (12) i s very important, since i t determines 

almost exclusively the pump power requirement. Consequently, much 

research has been carried out on ways of measuring T̂ . Although 

the f i r s t measurements of T^ were begun by Gorter (13) i n 1936, 

the value of T^ given by his non-resonant technique i s an average 

over a l l the spin transitions i n a given material. The maser i s 

essentially dependent upon resonance for i t s operation and i t i s 

l o g i c a l that a microwave resonant technique should be used to 

measure the s p i n - l a t t i c e relaxation time under conditions as close 

as possible to those of maser operation. In order to obtain maser 
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action i t i s necessary for the paramagnetic crystal to be at a 

very low temperature, t y p i c a l l y that of l i q u i d helium, k,2°K. 

The reason for t h i s i s that the strength of maser action i s 

proportional to the population difference of the two signal levels. 

The negative population difference under conditions of inversion 

i s of the same order as the positive population difference under 

conditions of thermal equilibrium. The positive population 

difference i s determined by the Boltzmann r a t i o 

N./N. = exp(- hf. ,/kT) 

To keep t h i s r a t i o as large as possible, T must be small; to 

f u l f i l t h i s condition, l i q u i d helium temperatures are usually 

used. I t has been found that at temperatures less than about 20°K, 

the s p i n - l a t t i c e relaxation time varies inversely with temperature, 

and as a result the pump power requirement decreases with 

decreasing temperature, for a given crystal. 

The microwave spectrometer resembles 

the maser i n many aspects and i t i s the ideal instrument for 

examining the properties of maser materials under physical 

conditions almost i d e n t i c a l to those of maser operation. 
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1,4 The measurement of relaxation time 

There are s i x methods which have 

been described and widely used for the determination of spin-

l a t t i c e relaxation time. These methods are outlined below with 

particular emphasis l a i d on: (a) the material; 

(b) the measuring frequency; 

(c) the power needed. 

1.4.1 The CW saturation method 

Eschenfelder and Weidner 1953s 

i r o n ammonium alum and chromium potassium alum; 9«3 Gc/s; 

1 watt; (14). 

The specimen i s placed i n a l i q u i d 

helium-cooled cavity; the power absorbed i n the specimen i s 

measured as a function of the incident power by measuring the 

r e f l e c t i o n coefficient looking i n t o the cavity. This involves 

some complex calculations to evaluate Q̂ , the absorption Q of 

the specimen, Q̂ , the loaded cavity Q off magnetic resonance, 

and R, the r e f l e c t i o n c o e f f i c i e n t . The incident microwave power 

i s measured with a barretter bridge. I t i s shown that a plot 

of Qjyj/Q-̂  against Pj_(l - R) yields a straight l i n e whose slope 

i s proportional to TT1, where T i s the absolute temperature. 
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The biggest disadvantage of t h i s method i s the need t o measure 

the i n c i d e n t microwave power; i t i s not a r e l a t i v e power which 

must be measured but an absolute power, and t h i s leads t o large 

inaccuracy. This method has also been used by P o r t i s (15; 16), 

Redfield (17), K i p l i n g , Smith, Vanier and Woonton (18), and by 

Theobald (19). 

1,^.2 The DC magnetisation method 

Damon 1953: n i c k e l f e r r i t e ; 9 Gc/s; 50 kW pulsed; (20). 

Bloembergen and Wang 1953: manganese sulphate and n i c k e l f e r r i t e ; 

9 Gc/s; 50 kW pulsed; (21). 

Feng and Bloembergen 1963: ruby; 9.3 and 2h Gc/s; 1 watt and 

hQ mW pulsed; (22). 

The specimen i s mounted i n a c a v i t y 

and i s saturated a t magnetic resonance by a microwave pulse. This 

changes the DC magnetisation of the specimen, and i t i s the 

component of t h i s magnetisation i n the d i r e c t i o n of the applied 

magnetic f i e l d which i s detected i n a pickup c o i l mounted outside 

the c a v i t y . The induced voltage i n t h i s c o i l i s p r o p o r t i o n a l t o 

the time d e r i v a t i v e of the DC magnetisation. This i s fed t o an 

i n t e g r a t i n g a m p l i f i e r , the output of which records the r e l a x a t i o n 

behaviour of t h i s component of the DC magnetisation. The technique 
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i s simple i n p r i n c i p l e but requires quite s e n s i t i v e and elaborate 

equipment f o r handling the s i g n a l s from the pickup c o i l . The 

microwave system i s very elementary. 

1.4.3 The pulse s a t u r a t i o n method 

Davis, Strandberg and Kyhl 1958: lanthanum i n gadolinium e t h y l 

sulphate, aluminium i n ammonium chrome alum, and chromium i n 

aluminium oxide ( r u b y ) ; 8.75 Gc/s; power not given - probably 

about 1 watt; (23). 

A standard, two-klystron 

superheterodyne spectrometer i s used w i t h a monitor power of 

about 10 .̂W. The resonance i s saturated by a pulse from the 

magnetron, during which time the receiver i s protected by a T-R 

switch. The magnetron pulse equalises the populations of the two 

s p i n l e v e l s being i n v e s t i g a t e d and there i s no absorption of 

power from the monitor k l y s t r o n . A f t e r the end of the pulse the 

populations of the l e v e l s begin t o r e v e r t t o t h e i r thermal 

e q u i l i b r i u m values, and as t h i s occurs an increasing amount of 

power i s absorbed from the monitor k l y s t r o n . The receiver picks 

up t h i s i n c r e a s i n g absorption s i g n a l and i t i s recorded as a 

f u n c t i o n of time on a cathode-ray oscilloscope. By d e f i n i t i o n 

(see s e c t i o n 1.3 and Chapter 5) the spin l e v e l s r e v e r t to t h e i r 
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undisturbed s t a t e i n an exponential manner the time constant of 

which i s the s p i n - l a t t i c e r e l a x a t i o n time, and i t i s t h i s 

exponential which i s recorded on the display. This has become 

the standard technique f o r measuring r e l a x a t i o n time; i t i s 

t h e o r e t i c a l l y possible f o r t h i s method t o resolve any number of 

r e l a x a t i o n times which may be present (see Chapter 5)« This 

technique has been used many times, p r i n c i p a l l y by Bowers and 

Mims (2^), Pace, Sampson and Thorp (25) and i-ianenkov and 

Prokhorov (26). 

Ick.k The i n v e r s i o n recovery method 

Castle, Chester and Wagner 1960: potassium cobalticyanide; 

9 Gc/s; 12 watts; (27). 

I n t h i s method the spin populations 

are i n v e r t e d by a d i a b a t i c r a p i d passage, and the recovery from 

t h i s c o n d i t i o n i s monitored by a standard superheterodyne 

spectrometer. The technique f o r producing i n v e r s i o n i s ae f o l l o w s . 

The DC magnetic f i e l d i s held below the resonance value; a u x i l i a r y 

Helmholtz c o i l s are used to sweep the magnetic f i e l d through 

resonance, f i r s t upwards and then downwards. A short s a t u r a t i n g 

pulse of microwave power i s applied t o the system as i t goes 

through resonance f o r the f i r s t time. As resonance i s swept 
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through f o r the second time, the spectrometer receiver displays 

an i n v e r t e d resonance l i n e . The i n t e n s i t y of t h i s i n v e r t e d l i n e 

depends upon how q u i c k l y the second sweep through the l i n e f ollows 

the f i r s t . I f the i n t e r v a l i s long enough, the l i n e w i l l be no 

longer i n v e r t e d and w i l l appear as a normal absorption l i n e , 

r e gaining i t s maximum i n t e n s i t y a f t e r the s p i n - l a t t i c e r e l a x a t i o n 

process has removed the e f f e c t of the inversion,, Thus, i f the 

resonance i s swept through r e p e t i t i v e l y a f t e r the i n v e r t i n g pulse 

has been a p p l i e d , the locus of the peak of the displayed l i n e , as 

i t v a r i e s from i t s maximum i n v e r t e d value through zero t o maximum 

absorption, gives the exponential recovery of the spin system 

from which the value of T^ can be found. Further measurements on 

ruby using t h i s technique have been reported by Thorp, Pace and 

Sampson (28; 29). 

1.A-.5 The AG s a t u r a t i o n method 

Herve and Pescia 1960; paramagnetic coal (unspecified) and DPPH; 

frequency unspecified; 100 watts; (30). 

This i s a v a r i a t i o n on the method of 

Damon (20), discussed i n sec t i o n 1.^.2. A 100$ modulated microwave 

f i e l d i s used t o saturate the resonance at frequencies v a r i a b l e 

up t o 30 Mc/s, The changes i n the component of the magnetisation 
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i n the d i r e c t i o n of the DC magnetic f i e l d are detected by a small 

pickup c o i l near the specimen. When the modulation frequency i s 

low compared w i t h 1/T^ the power modulation produces a magnetisation 

v a r i a t i o n which i s picked up by the c o i l . When the modulation 

frequency i s higher than l / T ^ the magnetisation can no longer 

f o l l o w the power v a r i a t i o n and the s i g n a l induced i n the c o i l 

decreases, This a l t e r a t i o n i n the induced s i g n a l w i t h v a r i a t i o n 

of the modulating frequency enables t o be measured. Further 

d e t a i l s of t h i s method have been given by Herve and Pescia (31), 

Bassompierre and Pescia (32) and by Herve (33) but i t i s 

i n t e r e s t i n g t o note t h a t i n none of these papers i s the working 

frequency given. 

1.4.6 The u l t r a s o n i c method 

Dobrov and Browne 1963: ruby; (3'+). 

This method i s completely d i f f e r e n t 

from any of the methods so f a r discussed. Instead of using 

microwave electromagnetic waves as the energy source i t uses 

microwave acoustic energy at 9»3 Gc/s generated by quartz rods 

bonded t o the ruby specimen. The technique uses the s p i n - l a t t i c e 

i n t e r a c t i o n i n the opposite manner t o the previous experiments. 

The specimen i s placed i n a DC magnetic f i e l d and i f acoustic 
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power i s supplied t o the specimen i t w i l l be absorbed i f the 

frequency i s c o r r e c t . At resonance the coherent phonons, produced 

i n the specimen by the transducers, have the corr e c t energy to 

e x c i t e t r a n s i t i o n s of spins by v i r t u e of the s p i n - l a t t i c e 

i n t e r a c t i o n (perhaps the term l a t t i c e - s p i n i n t e r a c t i o n i s more 

u s e f u l here). I n t h i s manner an acoustic absorption spectrum f o r 

ruby as a f u n c t i o n of magnetic f i e l d can be p l o t t e d and i t shows 

the three allowed spin t r a n s i t i o n s of the four l e v e l chromium i o n . 

From these u l t r a s o n i c absorption measurements values of can 

be derived. 

Methods 1,̂ .1 t o 1.^.5 have been 

used over a frequency range from 8.5 t o 35 Gc/s but no work has 

been reported above t h i s f i g u r e . This i s because each method 

re q u i r e s t h a t the resonance should be saturated by the microwave 

power. At frequencies up t o 35 Gc/s t h i s i s no problem; above 

t h i s frequency, k l y s t r o n s and backward-wave o s c i l l a t o r s g i v i n g 

s u f f i c i e n t power output are very few and are extremely expensive, 

and f o r t h i s reason t r a d i t i o n a l measurements of have not been 

made above 35 Gc/s. Values of the s p i n - l a t t i c e r e l a x a t i o n time at 

a frequency of 70 Gc/s have been i n f e r r e d from the pulsed magnetic 

f i e l d measurements of Rimai, B i e r i g and Silverman (35) on 
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r a r e - e a r t h i o n s , but no d i r e c t measurements have been made. 

This b r i e f synopsis on experimental 

methods i s not intended t o give a complete p i c t u r e of work i n 

e l e c t r o n s p i n resonance, ^ u i t e the opposite; i t i s intended t o 

i l l u s t r a t e two facets only of an immense f i e l d of study -

(a) the indispensable r o l e played by e l e c t r o n i c s and microwave 

technology, and (b) the importance of r e l a x a t i o n time measurements 

i n the study of maser m a t e r i a l s , f o r i t i s these two subjects 

which form the basis of the present work described i n the 

f o l l o w i n g chapters, 

1,5 Outline of the present work 

Chapters 2 and k describe the design 

of a complete microwave spectrometer operating at 35 Gc/s, I t i s 

intended f o r use i n the measurement of s p i n - l a t t i c e r e l a x a t i o n 

times i n paramagnetic materials by the pulse s a t u r a t i o n 

technique (23)» Superheterodyne d e t e c t i o n i s employed, the l o c a l 

o s c i l l a t o r s i g n a l being derived by a novel method. The design 

and operation of the superhet are described i n d e t a i l . A 

superconducting solenoid i s used because the cryogenic apparatus 

i s used i n another spectrometer operating at 70 Gc/s and described 

i n chapters 6 and 7. A review of the p r i n c i p a l types of microwave 
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r e c e i v e r i B given i n Chapter 3> both as a general background and 

to a s s i s t i n ex p l a i n i n g the reasons f o r using superheterodyne 

d e t e c t i o n f o r one measuring technique and c r y s t a l - v i d e o d e t e c t i o n 

f o r another technique. The 35 Gc/s superhet p r i n c i p l e (36) i s 

adapted f o r use at 70 Gc/s and has raised some i n t e r e s t i n g p o i n t s : 

these are discussed i n Chapter 6. To make r e l a x a t i o n time 

measurements possible above 35 Gc/s, a technique has been evolved 

(37) t o overcome the need f o r microwave s a t u r a t i n g power and i s 

explained i n Chapter 5 and Chapter 7« Chapter 5 describes the 

use of the method a t 35 Gc/s and shows i t t o have an accuracy 

equal t o t h a t of the pulse s a t u r a t i o n method. Chapter 7 describes 

the use of the method at 70 Gc/s and gives what are believed t o 

be the f i r s t d i r e c t measurements of s p i n - l a t t i c e r e l a x a t i o n times 

at t h i s frequency i n ruby and sapphire. Each chapter includes, 

where appropriate, suggestions f o r the improvement of e x i s t i n g 

apparatus and techniques, and ideas f o r f u r t h e r research work. 
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Chapter 2 

The Spectrometer •- 1. The Magnet Assembly and Cryostat. 

This chapter deals w i t h the 

cryogenic p a r t of the spectrometer g i v i n g d e t a i l s of the o v e r a l l 

design w i t h accent on the reasons behind the choice of the 

i n d i v i d u a l pieces of apparatus. 

2.1 The superconducting magnet 

With a view to extending e l e c t r o n 

s p i n resonance experiments i n t o the O-band region (70 Gc/s), a 

magnet was required which could produce at l e a s t 30 k i l o - o e r s t e d s . 

To meet t h i s requirement, a superconducting magnet made by 

I n t e r n a t i o n a l Research and Development Co. L t d . , was chosen. The 

magnet had a maximum f i e l d of 4-2.6 kOe at an energising current 

of 22 amps. I n i t i a l t e s t s made by D.R. Mason i n 1964, based on 

some observed paramagnetic resonance l i n e widths, i n d i c a t e d 
5 

t h a t the f i e l d homogeneity was about 1 p a r t i n 10 . The magnet 

i s wound w i t h a Niobium/Zirconium a l l o y having a c r i t i c a l 

temperature of about 8°K. The phenomenon of ! , t r a i n i n g " has not 

been observed w i t h t h i s magnet, but i t i s a well-known property 

of most superconducting a l l o y s i n c l u d i n g Nb/Zr ( l ) . When the 

c u r r e n t through a superconducting wire i n an e x t e r n a l magnetic 
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f i e l d i s increased f o r the f i r s t time the wire may pass i n t o 

the normal s t a t e at a current w e l l below the c r i t i c a l value. I f 

the prodedure i s repeated the t r a n s i t i o n takes place at a higher 

cu r r e n t , and only a f t e r a number of cycles i s the f i n a l c r i t i c a l 

current reached. This i s the usual d e s c r i p t i o n of t r a i n i n g , and 

no s a t i s f a c t o r y explanation of i t has been given. The bore of 

the IRD magnet i s 0.75 inch and even w i t h Q-band waveguide i n 

p o s i t i o n there i s ample room f o r the placing of an a u x i l i a r y 

modulating c o i l . 

The question now arose as t o the 

type of power '' supply required and whether or not a 

superconducting switch, t o enable the use of the " p e r s i s t e n t 

c u r r e n t " , would be an advantage. The i n i t i a l t e s t i n g of the 

magnet had been c a r r i e d out by w i r i n g i t i n series w i t h a Newport 

Instruments Type D electromagnet i n use on an adjacent 

spectrometer. The way t h i s was done i s i l l u s t r a t e d i n f i g u r e L. 

The arrangement worked extremely w e l l and i t was decided t o use 

t h i s method permanently. A s a f e t y diode, Westinghouse type S8AN70, 

was connected as shown i n f i g u r e 1 t o f u l f i l two s p e c i f i c 

purposes: 

(a) When the magnet i s normal, i t s resistance i s about 
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1500 ohms. T h i s r e s i s t a n c e i n s e r i e s with the Newport 

electromagnet would cause the generator to run away because the 

feedback c o n t r o l voltage would be v i r t u a l l y removed. To provide 

a l o w - r e s i s t a n c e path while the magnet i s normal, the diode i s 

connected as shown. The c o n t r o l u n i t i s then unaware of the 

superconducting magnet being i n c i r c u i t . When sup e r c o n d u c t i v i t y 

occurs, c u r r e n t flows p r e f e r e n t i a l l y through the solenoid 

because i t s r e s i s t a n c e vanishes. Again, the c o n t r o l u n i t i s 

unaware of the c i r c u i t change. 

(b) When the superconducting magnet i s operatinga&t a current 

of I amps, the st o r e d energy, E i s given by 

E = f-LI^ j o u l e s 

i f L i s i n h e n r i e s . I f the magnet quenches, because of a cur r e n t 

surge or a l a c k of l i q u i d helium, t h i s -JLI must d i s s i p a t e i t s e l f . 

T h i s i t can do quit e s a f e l y through the diode, the c o n t r o l u n i t 

being u n a f f e c t e d by the quench. The diode, by v i r t u e of i t s non

l i n e a r c h a r a c t e r i s t i c , provides e f f i c i e n t damping of the r i n g i n g 

which tends to occur as the magnetic f i e l d c o l l a p s e s . Were the 

diode not pres e n t , the surge voltage produced a t the 

superconducting magnet t e r m i n a l s by the magnet quench could be 

of the order of k i l o v o l t s , and would c e r t a i n l y destroy the 
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c o n t r o l u n i t . Because of t h i s , the diode i s tested before each 

helium run. 

2.2 The metal c r y o s t a t 

A l l the i n i t i a l t e s t s were c a r r i e d 

out using a cr y o s t a t comprising two double-walled Pyrex dewar 

vessels, the inner f i l l e d w i t h l i q u i d helium and containing the 

magnet and the outer f i l l e d w i t h l i q u i d n i t r o g e n . While t h i s 

system proved reasonably s a t i s f a c t o r y f o r some half-dozen runs ? < 

i t l a t e r became u n r e l i a b l e and much time and money was spent on 

re-annealing the helium dewar and stopcock, a l l to no a v a i l . 

Because of t h i s d i f f i c u l t y i t was decided t o obt a i n a metal 

c r y o s t a t . The cr y o s t a t was designed j o i n t l y w i t h Oxford Instruments, 

L t d , , and was b u i l t and supplied w i t h i n eight weeks. The 

c o n s t r u c t i o n of the c r y o s t a t i s shown i n f i g u r e 2. 

2.3 The magnet mounting assembly and modulation c o i l 

Because of the low c e i l i n g of the 

l a b o r a t o r y i n which the equipment was to be s i t u a t e d , care was 

necessary t o ensure t h a t there was s u f f i c i e n t clearance between 

the top of the c r y o s t a t and the c e i l i n g to enable the low-

temperature waveguide t o be removed from the cr y o s t a t . Previous 

c r y o s t a t s had been mounted on the spectrometer frame, and a 
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s p e c i a l l y designed syphon had been used f o r the l i q u i d helium 

t r a n s f e r . However, i t was decided t h a t t o have the greatest 

c o o l i n g e f f i c i e n c y during the t r a n s f e r , the arm of the syphon 

must reach the bottom of the helium dewar i n the c r y o s t a t . This 

necessitated a 40-inch clearance above the c r y o s t a t , and i t was 

found t h a t t h i s was j u s t possible w i t h the cryostat r e s t i n g on 

the f l o o r of the l a b o r a t o r y . 

The design of the top p l a t e f o r the 

c r y o s t a t was s t r a i g h t f o r w a r d . Four apertures were required: 

( i ) waveguide mount; 

( i i ) syphon entry; 

( i i i ) e x i t t o vacuum system and gas c o l l e c t i o n system; 

( i v ) e l e c t r i c a l outlet-. 

The syphon entry and gas e x i t apertures required supporting 

tubes t o be soldered i n t o the top p l a t e , the syphon entry tube 

extending some 12 inches down i n t o the helium dewar to provide 

guidance f o r the syphon. E l e c t r i c a l o u t l e t s were provided by a 

ceramic button w i t h twelve e l e c t r i c a l connections through i t , 

mounted i n the top p l a t e by a ceramic-to-metal seal. The 

v/aveguide mounting and magnet support are of a more involved 

design and are shown i n f i g u r e 3. The magnet support tube i s a 
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1-iru diameter s t a i n l e s s s t e e l tube w i t h a w a l l thickness of 

6.612 i n . , p r o v i d i n g a r i g i d , low thermal c o n d u c t i v i t y support 

f o r the magnet. 

A necessary design feature was an 

a u x i l i a r y modulation c o i l capable of producing a magnetic f i e l d 

scan of about 200 oersteds peak-to-peak to enable a video display 

of absorption s i g n a l s on a cathode-ray oscilloscope. I n order t o 

minimise the ampere-turn product f o r the c o i l , the windings had 

to be as close t o the specimen as possible, the magnetic f i e l d 

being c o a x i a l w i t h t h a t of the superconducting magnet. A c o i l 

former was designed t o be a push f i t i n t o the magnet bore, and i s 

shown i n f i g u r e k. The c o i l consists of 6 layers of 22 SWG 

enamelled w i r e , the connecting wires being recessed along the 

main body of the t u f n o l former. Design c a l c u l a t i o n s showed t h a t 

the c o i l should have a s e l f inductance of 0.9 mH, a s u f f i c i e n t l y 

low f i g u r e t o allow the use of modulation frequencies i n excess 

of 30 kc/s i f necessary. A winding of 6 l a y e r s at 80 turns per 

l a y e r was chosen because (a) i t gave a low value of s e l f 

inductance, and (b) a current of 2 amps was calculated t o produce 

a magnetic f i e l d of about 300 oersteds. The t u f n o l former was 

po s i t i o n e d i n the magnet bore so t h a t the centres of the two 
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magnetic f i e l d s were coincident. Two terminals were mounted on 

the top blodk.of the superconducting magnet and the wires from 

the modulation c o i l were soldered t o them in s i d e the block. I n 

t h i s way the magnet and the modulation c o i l i s a si n g l e u n i t w i t h 

no f l o a t i n g wires. 

2,k Depth measurement of l i q u i d helium 

Knowing the l e v e l of l i q u i d helium 

i n a c r y o s t a t i s always u s e f u l and i s of t e n a necessity. A b r i e f 

survey f o l l o w s of the most popular methods of depth measurement. 

Devices f o r depth i n d i c a t i o n f a l l i n t o two categories - those 

g i v i n g an i n d i c a t i o n of the presence or absence of l i q u i d helium 

at a s p e c i f i c p o i n t , and those g i v i n g a continuous measurement 

of depth. 

The most popular "spot check" 

device i s a low wattage carbon r e s i s t o r . This u t i l i s e s the 

resistance-temperature c h a r a c t e r i s t i c of carbon which, i n the 

helium temperature range, f o l l o w s an inverse law. D i f f e r e n t i a t i o n 

between gas and l i q u i d i s an important property which any depth 

i n d i c a t o r must possess. I t i s a d i f f i c u l t d i f f e r e n t i a t i o n to 

make. I f the l i q u i d i s b o i l i n g s t e a d i l y , i t s own temperature 

and t h a t of the gas immediately above i t are almost i d e n t i c a l , 
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and f o r an exact e s t i m a t i o n of depth to be made, the sensing 

device must respond t o some f a c t o r other than temperature. This 

other f a c t o r i s the thermal c o n d u c t i v i t y of the medium 

surrounding the device. The thermal c o n d u c t i v i t y of l i q u i d helium 

i s much greater than t h a t of helium gas, and i f the current 

f l o w i n g through the sensing device i s chosen c o r r e c t l y , the 

f o l l o w i n g two c r i t e r i a f o r successful operation can be f u l f i l l e d : 

(a) The current through the device must be large enough to 

heat up the r e s i s t o r when i t i s i n the gas so t h a t i t s resistance 

i s appreciably d i f f e r e n t from t h a t when i t i s i n the l i q u i d . 

(b) This c u r r e n t must not be so large as t o produce 

excessive b o i l i n g of the l i q u i d i n contact w i t h the device. 

I f a carbon r e s i s t o r i s used, i t s 

p h y s i c a l size w i l l be one f a c t o r i n determing the s e n s i t i v i t y , 

and the type of r e s i s t o r commonly used i s the 0.1 watt v a r i e t y 

made by Allen-Bradley. B l a n p l a i n (2) describes a carbon r e s i s t o r 

depth gauge and uses a Wheatstone Bridge d e t e c t i o n system g i v i n g 

an accuracy of 3 nm f o r the l e v e l . The basic theory of "heated 

element" l e v e l detectors i s developed by Maimoni (3). A very 

elegant way of g i v i n g a continuous i n d i c a t i o n of depth i s the 

capacitor device of i.eiboon and O'Brien (h). A c y l i n d r i c a l type 
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of condenser i s mounted perpendicular to the l i q i i i d surface, and 

any change i n depth of l i q u i d produces a change i n the d i e l e c t r i c 

constant of the medium between the plates and r e s u l t s i n a change 

of capacitance. Although simple i n p r i n c i p l e , i t s p r a c t i c a l 

r e a l i s a t i o n i s d i f f i c u l t ; the d i e l e c t r i c constant of the helium 

gas i s 1.0000652 and t h a t of the l i q u i d i s 1.0̂ 8. Meiboom and 
O'Brien r e p o r t t h a t t h i s change i n d i e l e c t r i c constant produces 

a maximum change of 3 pF over the 6l pF of the empty condenser. 

Beaause of the s e n s i t i v i t y r e q u i r e d , a commercial capacitance 

bridge i s used which has a maximum s e n s i t i v i t y of 3 pF f u l l - s c a l e 

d e f l e c t i o n and an o v e r a l l s t a b i l i t y of 0.1 pF. This p r i n c i p l e 

has also been used by Dash and Boorse (5); here the capacitance 

change i s used t o change the frequency of a high-frequency 

o s c i l l a t o r , the frequency s h i f t being measured. Capacitor 

d e t e c t i n g systems are used t o operate c o n t r o l systems f o r 

maintaining predetermined l e v e l s i n apparatus designed by 

Nechaev (6) and by Williams and Maxwell (7). The l a s t of the 

capacitor devices i s a spot check system due to Kasatkin (8). 

The accuracy claimed f o r these techniques i s 1 t o 2 mm. Cryostats 

using glass dewars w i t h narrow s i g h t l i n e s are amenable t o being 

f i t t e d w i t h the simplest of a l l depth indicators, a f l o a t made of 
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expanded polystyrene, described by Babiskin ( 9 ) . For use i n 

opaque c r y o s t a t s the f l o a t can be f i t t e d w i t h a balsa wood stem 

p r o t r u d i n g throgh the top p l a t e , a method used by Rasor (10). The 

p r o v i s i o n of an e x i t hole f o r the stem precludes the use of 

pressures other than atmospheric. The most s e n s i t i v e depth 

i n d i c a t o r f o r l i q u i d helium employs a sensing element made of a 

superconducting a l l o y . For continuous i n d i c a t i o n of depth the 

wire i s mounted perpendicular t o the l i q u i d surface and can take 

the form of a s i n g l e strand, a loop or a h e l i x , depending upon 

the s e n s i t i v i t y r e q u i red and the amount of room a v a i l a b l e . A 

constant current flows through the wire, i t s value being decided 

by the considerations (a) and (b) mentioned previously. The 

voltage drop across the wire i s a d i r e c t measure of the l e n g t h of 

wire which i s superconducting. Level gauges using t h i s p r i n c i p l e 

have been described by Feldmeier and Serin (11) and by Ries and 

S a t t e r t h w a i t e ( 1 2 ) , the d i f f e r e n c e i n the designs being the choice 

of m a t e r i a l f o r the sensing element. Feldmeier and Serin use 

tantalum, while Ries and S a t t e r t h w a i t e use a f i n e manganin wire 

coated w i t h a GQP/o Sn - h0% Bb a l l o y . The merits of various types 

of superconducting sensing element are discussed by Figgins 

et alo (13); from s e n s i t i v i t y considerations the best materials 
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are vanadium and tinn e d constantan. The problem of heating the 

wire above the l i q u i d i s overcome i n a d i f f e r e n t way by Isaeva (14) 

two separate wires are used - an i n s u l a t e d constantan wire i s 

used as a heater and tantalum wire i s wrapped h e l i c a l l y round i t . 

Superconducting " d i p s t i c k " i n d i c a t o r s are the subject of papers 

by R o v i n s k i i (155 16) and by Fradkov and Shal'nikov (l?)» An 

i n t e r e s t i n g background on the heat treatment of superconductors 

i s given by Webber (l8). For the sake of completeness, the 

f o l l o w i n g i n d i c a t o r s are included: 

( i ) The v i b r a t i n g rubber membrane. A long tube, sealed at one 

end by a rubber membrane, i s lowered (open end downwards) i n t o 

the cryostato Spontaneous o s c i l l a t i o n s of the membrane begin. 

When the lower end of the tube penetrates the l i q u i d , these 

v i b r a t i o n s drop i n frequency by 30$ and i n i n t e n s i t y by 60?o (19) • 

( i i ) D i f f e r e n t i a l pressure systems. Such systems have been 

described (20), (21), but they are rather cumbersome methods 

compared w i t h the e l e c t r i c a l systems. 

( i i i ) Semiconducting sensing elements. A sensing element of 

boron-doped s i l i c o n has been used by Sauzade et a l . (22). The 

r e s i s t i v i t y i s h e a v i l y temperature-dependent, g i v i n g good 

s e n s i t i v i t y . 
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Bearing i n mind the r e l a t i v e merits 

of each system i t was decided t o use a continuous-reading 

superconducting depth gauge. Reference (13) advocates the use of 

tinn e d constantan as being equally s e n s i t i v e as vanadium but 

having the great advantage of being able t o be made i n the 

l a b o r a t o r y . The only constantan a v a i l a b l e at the time was 

i n s u l a t e d w i t h enamel, which had t o be removed. This was 

accomplished by s o f t e n i n g the enamel i n concentrated n i t r i c acid 

and removing i t from the wire w i t h a clean c l o t h . This method i s r.)', 

not recommended; i f the acid comes i n contact w i t h the wire i t 

cannot be t i n n e d . The i d e a l way t o remove the enamel from such 

wires i s t o use a de-polymeriser such as ''Stripalene 713" 

manufactured by Sunbeam Anti-Corrosives Ltd. This w i l l remove 

the enamel without a t t a c k i n g the wire. Having cleaned the wire 

and prevented the formation of" kinks which, i n ̂ 0 SWG w i r e , are 

very troublesome, the wire was suspended between two v e r t i c a l 

p i l l a r s i n such a way as t o be under s l i g h t tension. A 25-watt 

s o l d e r i n g i r o n w i t h a newly-prepared b i t was used to t i n the wire 

very evenly w i t h Multicore Savbit A l l o y solder. Measuring from 

the b l u e p r i n t of the metal c r y o s t a t , the top of the l i q u i d helium 

r e s e r v o i r was about 11 inches from the bottom of the helium 
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dewar? t h i s meant t h a t the l e n g t h of the sensing element had t o 

be 22 inches f o r a complete loop, and the wire was mounted from 

the s t a i n l e s s s t e e l support tube t o the bottom l i p of the 

superconducting magnet former as the photographs of f i g u r e 3 show. 

The o v e r a l l change i n resistance of the wire between room 

temperature and 7°K, the c r i t i c a l temperature of the solder, i s 

only some 15 t o 20,,; of the room temperature value of 25 ohms. A 

current of 100 mA was ca l c u l a t e d t o produce a heat d i s s i p a t i o n 

of approximately 10 mW per inch of the wire i n helium gas at 

4.2 K. This appeared t o be an average d i s s i p a t i o n , working from 

f i g u r e s quoted i n the l i t e r a t u r e , so a constant current power 

supply was b u i l t t o provide 100 mA i n t o a load varying between 

0 and 25 ohms. The c i r c u i t of the supply i s shown i n f i g u r e 5« 

I t u t i l i s e s a h.7 v o l t Zener diode together w i t h a k7 ohm 

r e i s t o r to provide a constant 100 mA emitter-base current. 

T r a n s i s t o r a c t i o n then maintains 100 mA i n the c o l l e c t o r load 

( i n t h i s case i t i s the sensing element) i r r e s p e c t i v e of i t s 

value. This l e v e l i n d i c a t o r had been i n use i n two cryostats f o r 

over two years and there has been no trace of n o n - r e p r o d u c i b i l i t y 

which might be expected from the severe temperature c y c l i n g t o 

which the sensing element i s subjected. The accuracy of i n d i c a t i o n 
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of depth i s w i t h i n 1 mm and the d i f f e r e n t i a t i o n between gas and 

l i q u i d i s very s a t i s f a c t o r y . A large gas displacement produces a 

voltage drop across the wire, i n d i c a t i v e of the cooling e f f e c t , 

but t h i s voltage r i s e s again as soon as the displacement i s 

reduced. The r i s i n g l e v e l of helium l i q u i d produces a steady drop 

i n voltage across the sensing element; t h i s voltage does not r i s e 

a f t e r l i q u i d t r a n s f e r ceases. 

The onset of superconductivity i s 

i n d i c a t e d by a voltmeter placed across the safety diode of 

f i g u r e 1. When the magnet i s normal and the power supply i s on, 

the meter reads kOQ mV, the forward voltage drop of the diode. 

When the magnet becomes superconducting, the voltage ab r u p t l y 

drops t o zero as the meter becomes s h o r t - c i r c u i t e d by the magnet.. 

This provides a f u r t h e r check on the accuracy of the depth gauge. 

2.5 Technique f o r l i q u i d helium t r a n s f e r 

With the metal c r y o s t a t , the 

procedure f o r a helium t r a n s f e r i s as fo l l o w s . 

(A) Evacuate the interspace w i t h a good backing pump t o 
-3 

about 10 mm Hg. 

(B) F i l l up the screening jacket w i t h l i q u i d n i t r o g e n . 

(C) Wait f o r a few hours t o enable the temperature of the 
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magnet assembly t o reach 77 K, (This i s o p t i o n a l ; l i q u i d helium 

has been t r a n s f e r r e d i n t o the helium dewar when the magnet 

assembly was a t rd»om temperature, •'•f the helium t r a n s f e r i s done 

slowly, the e x t r a wastage of helium l i q u i d i s very s m a l l ) . 

(D) Transfer l i q u i d helium by the metal syphon from the 

t r a v e l l i n g dewar. This takes about -J hour. 

Once the t r a n s f e r i s completed, the helium w i l l remain f o r over 

9 hours without a t t e n t i o n of any k i n d . 

I n i t i a l t e s t i n g of the system 

included inducing the magnet t o quench i n order t o check t h a t the 

quenching was completely under c o n t r o l . This can be done at any 

value of magnetic f i e l d by producing a surge i n the energising 

c u r r e n t . Quenching under present conditions was found t o be quite 

safe, being evident only by; 

(a) loss of the resonance s i g n a l ; 

(b) the reading on the meter across the diode; 

(c) a g e n t l e , short b o i l - o f f of helium gas. 

The b o i l - o f f i s very s l i g h t , and can only correspond t o a few 

m i l l i l i t r e s of l i q u i d . 
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Chapter 3 

Receivers f o r Microwave Spectroscopy 

3.1 Types of r e c e i v e r 

Receivers used i n microwave 
spectroscopy f a l l i n t o three general categories: c r y s t a l - v i d e o ; 

superheterodyne; synchrodyne. I n the c r y s t a l - v i d e o receiver the 

incoming s i g n a l from the spectrometer bridge i s detected by a 

p o i n t - c o n t a c t diode and a m p l i f i e d by a broad-band video a m p l i f i e r . 

The term "video" has a p a r t i c u l a r connotation i n microwave 

spectroscopy; although derived from radar technology t h i s 

a d j e c t i v e i s used q u i t e g e n e r a l l y t o describe the a m p l i f i e r or 

a m p l i f i e r s handling the demodulated (detected) microwave s i g n a l . 

The bandwidths of these a m p l i f i e r s r a r e l y exceed 10 kc/s ( l ) . 

The superheterodyne rec e i v e r frequency-changes the incoming 

s i g n a l by d i r e c t mixing i n two c r y s t a l diodes w i t h a l o c a l l y -

derived o s c i l l a t i o n , the intermediate frequency s i g n a l being 

a m p l i f i e d and l a t e r detected at high l e v e l . The synchrodyne 

r e c e i v e r i s .. very s i m i l a r to the superheterodyne except t h a t the 

IF used i s zero frequency and the receiver i s s e n s i t i v e t o phase 

and amplitude. Each type of r e c e i v e r makes use of the microwave 

diode e i t h e r as a mixer or as a detector and as a r e s u l t , the 

performance of any such rece i v e r i s g r e a t l y dependent upon the 
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q u a l i t y of the diode i n use. 

3.2 The microwave diode 

The constru c t i o n of a Q-band dimde 

i s shown i n f i g u r e 1. I t i s a point-contact device w i t h a 

tungsten whisker pressing on a small slab of s i l i c o n or germanium. 

The area of the p o i n t of contact i s about 10 cm. The slab of 

semiconductor i s connected t o one of the broad faces of the 

waveguide and the whisker connection i s brought out t o the centre 

p i n of a c o a x i a l socket. The e l e c t r i c a l c h a r a c t e r i s t i c s of these 

diodes are s i m i l a r t o those of other point-contact types and a 

t y p i c a l curve i s shown i n f i g u r e 2. The shape of the 

c h a r a c t e r i s t i c gives r i s e t o two modes of detector operation ~ 

l i n e a r and square-law. 

(a) Linear or s t r o n g - s i g n a l detection 

I f a large s i g n a l i s i n c i d e n t on the detector the 

KF peak-to-peak voltage w i l l be s u f f i c i e n t to swing the 

instantaneous operating p o i n t t o the extremes i n d i c a t e d by b i n 

f i g u r e 2. At large forward bias the c h a r a c t e r i s t i c becomes 

v i r t u a l l y l i n e a r ; the reverse region i s also l i n e a r but of a very 

high resistance. Thus the s i g n a l switches the detector on and o f f , 

and i f the swing i s large enough the d i s t o r t i o n produced by the 



«_ b • — — — p 

Figure 2« 

E l e c t r i c a l c h a r a c t e r i s t i c s of a point-contact 
diode 



3*3 

curved characteristic i n the region of the or i g i n i s negligible, 

(b) Square-law or weak signal detection 

For a low-level incident signal, the voltage swing i s 

small, indicated by a i n figure 2. This voltage excursion uses a 

wholly curved portion of the characteristic and i t i s known that 

t h i s curvature can be described mathematically by a Taylor 

expansion terminating i n the squared term: 
2 

i = f( e ) = f(e ) + || (be) + \ £-§ (^e) 2 , ( l ) 
de 

where e Q i s the bias voltage determining the operating point, 

and be i s the small input signal voltage. The derivatives are 

evaluated at the operating point e . The diode thus functions as 

a square-law detector when the applied signal i s s u f f i c i e n t l y 

small, provided that the second derivative of the characteristic 

does not vanish at the operating point. The linear term i s of no 

importance i n detection, since i t i s symmetrical about the 

operating point. 

I t i s convenient at th i s stage to 

introduce the microwave diode as a switch and as a voltage -

controlled attenuator. The diode can be represented by the 

equivalent c i r c u i t shown i n figure 3» 

L represents the whisker inductance; 
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Rg i s the "spreading resistance" due to the 

compression of the current flow paths i n the semiconductor near 

the point of contact; 

C represents the barrier capacitance, a function of 

bias and p o l a r i t y , and accounts for the storage of charge i n the 

boundary layer of the semiconductor; 

R represents the non-linear resistance of the 

r e c t i f y i n g contact, and i s also a function of bias and polarity,, 

C' accounts for the parasitic capacitances due to 

the mounting of the whisker and semiconductor. I t can be 

compensated for by tuning the diode holder and w i l l be neglected 

i n t h i s analysis. For operation as a switch, the diode presents 

one of two d i f f e r e n t impedances which are determined by the 

amplitude and p o l a r i t y of the applied bias,. For the switch to be 

ON, a forward bias i s applied which results i n R being small 

compared to C, thereby shunting i t . This produces a series R-L 

c i r c u i t across the waveguide and results i n a small insertion 

loss. I n the OFF state the applied reverse bias causes R to be 

very high and e f f e c t i v e l y shunted by C. The diode can now be 

represented by a series R-L-C c i r c u i t , and i f the values of R 

and C are correct the c i r c u i t w i l l resonate, resulting i n a low 
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resistance across the waveguide. The insertion loss under these 

conditions i s usually some 30 dB greater than the insertion loss 

i n the ON state. 

The OFF/ON r a t i o i s heavily 

dependent upon the incident power, and at X-band the average 

diode w i l l only give 30 dB i s o l a t i o n for incident powers up to 

1 mW« This can be increased to 50 mW but the is o l a t i o n i s reduced 

to 12 dB maximum, t h i s figure being attainable only after careful 

choice of diode,. I f powers i n excess of a few mill i w a t t s are to 

be switched, a diode must be chosen which has a higher forward 

resistance and a larger Zener breakdown voltage than the ordinary 

detector diode. The reason for t h i s i s that for successful switch 

operation the peak-to-peak voltage excursion of the incident 

microwave power must l i e t o t a l l y i n the forward-bias region i n 

the ON state, and t o t a l l y i n the reverse-bias region i n the OFF 

state; to achieve t h i s , a diode must have a very long voltage axis 

to i t s characteristic, and t h i s condition i s f u l f i l l e d by a high 

forward resistance and a high Zener breakdown voltage. 

Switching of microwave power can be 

accomplished, therefore, by switching a diode i n the waveguide 

from forward to reverse bias. The square-law portion of the 
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characteristic gives rieie to a tr a n s i t i o n region i n the switching 

characteristic, a region where the insertion loss changes from i t s 

minimum to i t s maximum value. This region i s centred on the ori g i n 

of coordinates and extends for about 0.5 volt on either side of 

t h i s . This makes the microwave diode usable as an e l e c t r i c a l l y -

controlled attenuator capable of amplitude-modulating the 

microwave power i n a waveguide. This technique i s explained i n 

d e t a i l i n Chapter k. 

Having discussed the operation of 

the microwave diode, i t s uses w i l l now be covered i n the 

description of each type of receiver. 

3.3 The crystal-video receiver 

As mentioned i n section 3°1) a 

crystal-video receiver detects the signal at the output of the 

spectrometer bridge and the resulting modulation information i s 

amplified and fed to the display system. I t i s usual for the 

amplifier to be a d i r e c t l y coupled type to enable the display of 

continuous wave (CW) power levels when necessary. There i s no 

tuned c i r c u i t , no local o s c i l l a t o r to be tuned and stabilised, 

and no IF amplifier. Because of these factors the receiver has a 

large RF bandwidth and t h i s , combined with i t s s i m p l i c i t y , results 
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i n an overall loss of s e n s i t i v i t y of some ̂ 0 dB i n comparison 

with a good superheterodyne receiver. 

The output from the spectrometer 

bridge i s only a few microwatts and as a result the microwave 

diode operates i n i t s square-law region, where the output voltage 

or current i s proportional to the RF power incident on the crystal 

diode. The s e n s i t i v i t y of the receiver i s p r i n c i p a l l y a'function 

of the diode because at video frequencies amplifier noise i s 

negligible compared with the Johnson noise of the diode. The term 

noise figure cannot be used with reference to crystal-video 

receivers because, together with the conversion loss, i t i s 

dependent upon the lev e l of the incoming signal, and i n order to 

specify a figure for the s e n s i t i v i t y , the "tangential signal" i s 

usually quoted. A tangential signal i s defined as that signal 

which i s 8 dB above the RMS video noise power (2). This i s not a 

mathematical d e f i n i t i o n ; the figure of 8 dB i s quoted because the 

s t r i c t derivation of the d e f i n i t i o n i s based upon the observation 

of an oscilloscope display. Calculations made from this display 

show that the tangential signal, defined by experimental 

observation, i s 8 dB above the RMS video noise power. At 

frequencies i n Q-band the s e n s i t i v i t y of a crystal-video receiver 



3.8 

i s about 10 watt. The wide RF bandwidth inherent i n t h i s type 

of receiver i s of no re a l importance i n microwave spectroscopy, 

since many experiments use a microwave source at constant 

frequency and the tuning range of the klystron l i e s well within 

the passband of the individual components. Crystal-video 

receivers are prone to pulse di s t o r t i o n , especially i f they are 

required to give high gain combined with a large dynamic range. 

However, i f a receiver i s b u i l t for a specific purpose, i t i s 

seldom necessary for both of these requirements to be f u l f i l l e d . 

J>.k The superheterodyne receiver 

Invented i n 1917i the 

superheterodyne receiver i s the most versatile and the most 

widely used receiver ever introduced. The principle of operation 

i s the heterodyning of the incoming signal with a l o c a l l y 

generated CW signal, the difference-frequency being amplified by 

a series of tuned stages and detected at high l e v e l . This 

difference frequency i s known as the "intermediate frequency" or 

IF, and i s usually chosen to be of much lower frequency than the 

incoming signal. The v e r s a t i l i t y of the superheterodyne receiver 

i s i l l u s t r a t e d by the fact that such receivers are i n common 

use over the frequency spectrum from 10 c/s and upwards, the 
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advent of the laser having extended the useful range into optical 

frequencies. Cummins, Knable and Yeh (3) have used an optical 

heterodyne technique to examine diffusion broadening of Rayleigh 

scattered l i g h t , using a helium-neon laser and obtaining a beat 

frequency of 12 Mc/s. The signal stages of a superheterodyne 

receiver (or superhet) are independent of the working frequency 

and are shown i n figure k. The internal construction of these 

stages and the components used depend markedly upon frequency, 

and the further discussion on the superhet w i l l be confined to 

microwave frequencies. 

3.^.1 The buffer stage 

The presence of the buffer stage 

prevents any radiation of the lo c a l o s c i l l a t o r carrier and acts 

to isolate the receiver input from the f i r s t detector. 

3.^.2 The local o s c i l l a t o r 

This i s usually a low-power CW 

source, the frequency of which i s electronically stabilised by 

feedback processes to remain at a fixed frequency separation from 

the incoming signal. The local o s c i l l a t o r i s loosely coupled to 

the incoming signal by means of a balanced mixer, which also 

serves as a buffer stage. 
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3.^.3 The f i r s t detector 

The balanced mixer also provides 

the mixing and detecting functions of the f i r s t detector, giving 

an output containing, amongst other things, components at the 

intermediate frequency and sidebands carrying the information 

from the spectrometer. The other components present are discussed 

i n Chapter k, 

3AA The IF amplifier 

This consists of a series of 

tuned stages, the response of which can bo shaped almost at w i l l 

by stagger-tuning the individual stages. A well-designed IF 

amplifier can combine high gain with wide bandwidth, a 

combination very rarely obtained i n general amplifier c i r c u i t s . 

3.^.5 The second detector 

U t i l i s i n g either a thermionic or 

solid-state diode, t h i s detector works at high l e v e l , i.e., i n i t s 

linear region, and removes the modulation components from the 

signal ready for subsequent video amplification. Waveforms 

i l l u s t r a t i n g the action of superheterodyne detection are given i n 

figure 5» 
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3.5 The synchrodyne receiver 

In common with both the types of 

receiver so far described, the synchrodyne i s another device for 

detecting amplitude-modulated signals. I t can be simply 

described as a superhet with an intermediate frequency of zero, 

and i s ueldd i n spectrometers providing an output to a pen 

recorder. Magnetic f i e l d modulation, of amplitude much less than 

the l i n e width under investigation, combined with a slow change 

i n the DC magnetic f i e l d , produces "incremental absorption" 

signals which vary as the resonance line i s slowly scanned. This 

process i s i l l u s t r a t e d i n figure 6, where the incremental 

absorption signals are shown at various points during the scan. 

The amplitude of the incremental absorption depends upon the 

slope of the absorption characteristic, and the phase of the 

incremental absorption reverses when the sign of the slope of the 

characteristic changes. I f the magnetic f i e l d modulation frequency 

i s 160 kc/s, sidebands at +160 kc/s are produced on the 

microwave carrier. These sidebands vary i n amplitude and phase 

according to the variation of the incremental absorption, the 

waveform of which i s given i n figure 7 for a complete scan of the 

l i n e . Note the phase change at the peak of the resonance l i n e . 
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The operation of the synchrodyne receiver, or phase-sensitive 

detector, i s to accept the signal of figure 7 and to demodulate 

i t while being conscious of the phase of the input signal. Phase-

sensitive detectors are usually the sampling type; the input 

signal i s amplitude-sampled once, or perhaps twice, per cycle of 

the modulation frequency. The sampling action i s derived from a 

reference source at the modulation frequency and, as a result, 

when the phase of the input signal changes, the detector output 

changes sign, as figure 8 shows. Phase-sensitive detection 

produces, by virtue of the small-amplitude modulation, the f i r s t 

derivative of the resonance l i n e shape. There now follows a 

description of the sampling operation, together with an 

explanation of a t y p i c a l sampling c i r c u i t . 

3.5-1 Description of operation 

The function of a phase-sensitive 

detector i s to recover from an alternating signal voltage 

e ( t ) = E ( t ) sinwt (2) 
s s 

the voltage E ( t ) . These waveforms are shown i n figure 9« 
s I n t h i s case E ( t ) i s sinusoidal, but in the case of a s 

spectrometer receiver i t would be the resonance information from 

the paramagnetic specimen. A simple r e c t i f i e r i s unsuitable for 
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d e t e c t i o n because a change of sign of E ( t ) appears as a change 
s 

of phase of the waveform of equation (2), as f i g u r e 9 shows. A 

r e c t i f i e r c i r c u i t which i s s e n s i t i v e to phase i s required, and 

i t must be supplied w i t h a reference voltage 
e ( t ) = E . s i n ^ t (3) r r 

against which t o compare the phase of e ( t ) , and must produce an 
s 

output voltage of the c o r r e c t p o l a r i t y depending upon t h a t 

comparison. The s i g n a l voltage i s sampled at regular i n t e r v a l s 

of time, these i n t e r v a l s being c o n t r o l l e d by the reference s i g n a l . 

I t i s important t o remember t h a t the frequencies of the s i g n a l 

and reference voltages are i d e n t i c a l , and t h a t the c i r c u i t 

samples the instantaneous amplitude of the incoming s i g n a l , the 

output changing sign when the in p u t changes phase, as f i g u r e 10 

shows. 

3.5.2 De s c r i p t i o n of a t y p i c a l c i r c u i t 

Phase-sensitive detection i s 

c a r r i e d out i n p r a c t i c e by s t o r i n g the r e s u l t of the sampling 

operation i n a condenser u n t i l the next sampling i n s t a n t . The 

c i r c u i t i s shown i n f i g u r e 11. The time constants Ĉ R̂  are 

arranged t o be 10 t o 100 times the period of the reference 

voltage, and C v' C. but CL must be large enough t o store the 
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output voltage between sampling i n s t a n t s despite any leakage 

through the impedance of the c i r c u i t t o which the output voltage 

i s a p p lied. 

(a) Suppose e ( t ) and C are removed. When e ( t ) i s applied 

the two r e c t i f i e r s w i l l conduct i n series once per cycle, and on 

the condensers r e c t i f i e d voltages w i l l b u i l d up which, by 

symmetry, are equal and of the p o l a r i t i e s shown. Each of these 

voltages w i l l be nearly equal t o E^ of equation (3) because of 

the value of Ĉ R̂ . During the conducting i n s t a n t s the r e c t i f i e r s 

have low impedance and the p o i n t a w i l l be clamped at earth 

p o t e n t i a l . During the non-conducting periods there w i l l be a 

high impedance between a and earth, and i t can a t t a i n any voltage 

r e l a t i v e to e a r t h provided t h a t t h i s voltage, adued t o the 

instantaneous voltages developed across the two halves of the 

transformer secondary, does not cause e i t h e r r e c t i f i e r t o conduct* 

(b) The s i g n a l voltage and are now replaced. During 

conduction i n s t a n t s , a i s clamped at earth so b i s forced t o 

assume a voltage r e l a t i v e t o e a r t h equal to the s i g n a l voltage a t 

t h a t i n s t a n t . Thus a sampled voltage appears across which 

receives an appropriate charge. I f the conditions s p e c i f i e d above 

f o r non-conducting periods holds, p o i n t a i s disconnected from 
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earth and there i s no leakage path from b t o earth, so 

maintains i t s charge and the sampled voltage u n t i l the next 

sampling i n s t a n t , To prevent any unwanted conduction of the 

r e c t i f i e r s between sampling i n s t a n t s JS must be made greater than 

E (t)» The sampling i n s t a n t s are very b r i e f , and f o r C to reach 
S C-

i t s appropriate charge i n such a short time, the s i g n a l source 

must be capable of supplying q u i t e large current pulses. 

3.6 Comparison of receivers 

Of the three types considered, the 

c r y s t a l - v i d e o r e c e i v e r i s by f a r the simplest. I t i s also the 

l e a s t s e n s i t i v e and the most noisy, since i t s bandwidth extends 

from DC to the c u t - o f f of the video a m p l i f i e r , a region where 

c r y s t a l noise i s very great Strum (5) gives a d e t a i l e d 

account of microwave diode performance which i s relevant to t h i s , 

and i s mentioned again i n Chapter k. Large dynamic range cannot 

be combined w i t h high gain, so a compromise i s necessary. The 

wide RF bandwidth i s no asset i n spectroscopy. Crystal-video 

r e c e i v e r s are uasually r e s t r i c t e d t o spectrum scanning 

a p p l i c a t i o n s f o r r a p i d i d e n t i f i c a t i o n of large i n t e n s i t y 

t r a n s i t i o n s before switching i n a phase-sensitive detector. Only 

r e c e n t l y has a method been developed (6) which enables s p i n - l a t t i c e 
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r e l a x a t i o n t o be observed on a c r y s t a l - v i d e o system. 

The superhet i s able t o surpass the 

c r y s t a l - v i d e o receiver i n every aspect. I t s s e n s i t i v i t y can be 
-12 

expressed i n u n i t s of 10 watt or less, compared w i t h the 

10 ^ watt f o r the c r y s t a l - v i d e o receiver. Because the f i r s t IF 

stage accepts only the s i g n a l s contained i n a s p e c i f i c range of 

frequencies centred on, say, k$ Mc/s, the o v e r a l l noise of the 

r e c e i v e r i s very low, since the c r y s t a l noise i n the 30 to 60 Mc/s 

r e g i o n i s very low. Noise i s f u r t h e r reduced by the response 

curve of the IF a m p l i f i e r : when designed f o r a s p e c i f i c purpose, 

the a m p l i f i e r response i s shaped t o accept the highest u s e f u l 

harmonics present i n the sideband spectrum but nothing beyond 

these. Thus the noise bandwidth has the minimum possible value. 

The p r i c e paid f o r such good performance i s an increased 

complexity, the p r o v i s i o n of a l o c a l o s c i l l a t o r being uppermost 

i n t h i s respect. Because frequencies around 5̂ Mc/s are used as 

the intermediate frequency, the IF s t r i p can be completely 

conventional i n design and presents no problems. At microwave 

frequencies, l o c a l o s c i l l a t o r s can be a b i g problem and f o r t h i s 

reason systems have been evolved t o generate the intermediate 

frequency from the incoming s i g n a l without using a separate l o c a l 
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o s c i l l a t o r k l y s t r o n . Methods by which t h i s has been achieved are 

described i n Chapter kQ 

While the superhet i s such an 

e f f i c i e n t and v e r s a t i l e instrument, there i s a large f i e l d of 

study i n microwave spectroscopy f o r which i t i s not as i d e a l l y 

s u i t e d as the phase-sensitive detector. Studies of paramagnetic 

resonance l i n e shapes and l i n e widths are c a r r i e d out by means 

of t h i s instrument, as are most of the " s t a t i c spectrum a n a l y s i s " 

experiments, where the spin system under i n v e s t i g a t i o n , though 

s l i g h t l y disturbed by the observation, i s i n an e q u i l i b r i u m s t a t e . 

Phase-sensitive d e t e c t i o n gives very high s e n s i t i v i t y and very 

narrow bandwidth. The d i r e c t r e s u l t of t h i s i s a very low 

output noise l e v e l and a r e l a t i v e l y long response time 

t y p i c a l l y of the order of 5 seconds f o r a simple pen-recorder 

output. The experimental worker must not accept phase-sensitive 

d e t e c t i o n as a u n i v e r s a l t o o l f o r studying l i n e shapes and 

i n t e n s i t i e s because the accuracy of the r e s u l t s obtained depends 

c r i t i c a l l y upon the magnetic f i e l d modulation amplitude. The 

smaller t h i s amplitude i s the more accurate the r e s u l t s w i l l be, 

and i t has been found (7) t h a t f o r a true l i n e shape to be 

obtained, the modulation amplitude must not 4exceed one-tenth of 
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the l i n e width. Broadening of the l i n e produced by excessive 

modulation amplitude i s approximately equal t o the modulation 

frequency. Modulation c o i l s producing t h i s AC magnetic f i e l d are 

u s u a l l y placed outside the waveguide or c a v i t y containing the 

specimen, and t o avoid the metal a c t i n g as a screen t o the f i e l d 

modulation, care must be taken t o ensure t h a t the thickness of 

the metal i s less than the s k i n depth at the modulation frequency. 
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The Spectrometer - 2. The Single-Klystron Superheterodyne Receiver 

ktl The need f o r superheterodyne r e c e p t i o n 

Two types of receiver had been i n 

use i n t h i s l a b o r a t o r y - a simple orystal-video type and a much 

more elaborate 160 ko/s synchrodyne system. A colleague was 

beginning t o measure s p i n - l a t t i c e r e l a x a t i o n times by the pulse 

s a t u r a t i o n method (1) and the question arose as to the type of 

r e c e i v e r which would be used. The synchrodyne was immediately r u l e d 

out because the requirement was f o r a receiver g i v i n g a voltage 

output which was d i r e c t l y p r o p o r t i o n a l at a l l times t o the 

microwave power l e v e l a t the i n p u t . The choice l a y between the 

c r y s t a l - v i d e o r e c e i v e r and the superhet. For the reasons given i n 

Chapter 3 the superhet i s the b e t t e r choice but i t requires f a r 

greater waveguide and c i r c u i t complexity. However, s e n s i t i v i t y was 

not the prime consideration here; l i n e a r i t y between i n p u t and 

output s i g n a l s was most important. The superhet i s a l i n e a r 

r e c e i v e r , the c r y s t a l - v i d e o system being l i n e a r only over a very 

small range of power up t o about 100 yaW, depending upon the 

c h a r a c t e r i s t i c s of the microwave diode i n use* For accurate 

measurements a superhet was the only choice. 
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4.2 Development of the s i n g l e - k l y s t r o n superhet 

Microwave superhets f a l l i n t o two 

categories - those using a k l y s t r o n as a l o c a l o s c i l l a t o r , and 

those d e r i v i n g a l o c a l o s c i l l a t o r s i g n a l from the monitor k l y s t r o n 

of the spectrometer. The f i r s t type i s r e f e r r e d t o as the 

conventional superhet since i t i s a d i r e c t microwave analogue of 

the common r a d i o r e c e i v e r and at frequencies up t o about 9 Gc/s 

i t i s the most widely used type of superhet. Some d i f f i c u l t y 

a r i s e s over the p r o v i s i o n of a l o c a l o s c i l l a t o r s i g n a l which must 

be maintained at a constant frequency separation from the monitor 

k l y s t r o n frequency. This separation i s usually about k^> Mc/s and 

i s such a small f r a c t i o n of the incoming microwave frequency t h a t 

s t a b i l i s a t i o n c i r c u i t s must be used on both k l y s t r o n s f o r 

e f f i c i e n t operation. K l y s t r o n automatic frequency c o n t r o l (AFC) 

i s u s u a l l y e f f e c t e d by a Pound s t a b i l i s e r (2), the k l y s t r o n being 

locked t o the frequency of a reference c a v i t y of high Q. Such 

c i r c u i t r y can be e a s i l y provided up t o 9 Gc/s, but f o r k l y s t r o n s 

operating at 35 Gc/s and higher, the use of a Pound s t a b i l i s e r 

becomes i n c r e a s i n g l y d i f f i c u l t . 

To overcome the need f o r a l o c a l 

o s c i l l a t o r k l y s t r o n i t was decided t o develop a s i n g l e - k l y s t r o n 
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superhet where a s i g n a l f u l f i l l i n g the functions of. a .true, l o c a l 

o s c i l l a t o r i s derived from the spectrometer k l y s t r o n . The o r i g i n s 

of t h i s type of superhet are not w e l l documented; Misra (3) i n 

1958 used t h i s p r i n c i p l e i n a dual-channel 9«3 Gc/s spectrometer. 

This appears t o be the f i r s t d e s c r i p t i o n of a s i n g l e - k l y s t r o n 

superheterodyne spectrometer. 

4.2.1 Requirements f o r a l o c a l o s c i l l a t o r s i g n a l 

The c r i t e r i a f o r a l o c a l o s c i l l a t o r 

s i g n a l are t h a t i t should remain at a f i x e d frequency separation 

from the incoming c a r r i e r and t h a t i t should be more powerful than 

t h i s s i g n a l . These are the only requirements provided t h a t the 

f i r s t detector (or mixer) has an e f f i c i e n c y of 100$. The e f f e c t 

of a non-ideal mixer i s discussed l a t e r . I n microwave spectroscopy 

the o v e r a l l s i g n a l s t r e n g t h a t the mixer i s u s u a l l y much less 

than 10 and the percentage modulation of t h i s s i g n a l , produced 

by the paramagnetic resonance, i s less than 10$. Under these 

conditions the sideband power i s less than 0.1 (4). Thus the 

l o c a l o s c i l l a t o r power necessary t o produce un d i s t o r t e d signals 

at the intermediate frequency i s very small. 

4.2.2 Generation of the l o c a l o s c i l l a t o r s i g n a l 

I f a radio-frequency c a r r i e r of 



frequency f i s amplitude modulated at a frequency f , the c s 
r e s u l t a n t s i g n a l i s equivalent t o three d i s c r e t e frequencies, 

f - f , f , f + f % known as the lower sideband, c a r r i e r and c s c c s 
upper sideband, r e s p e c t i v e l y . With 100$ modulation the power i n 

each sideband i s one quarter of. the power i n the c a r r i e r . I f f 

were equal t o the intermediate frequency of a r e c e i v e r , the two 

sidebands would act as a l o c a l o s c i l l a t o r f o r the c a r r i e r and the 

output from the mixer would be f . The mathematics of mixer 

operation i s given i n sections k.9 and 4.10. I n the case so f a r 

considered the s i g n a l i n the IF a m p l i f i e r i s an unmodulated 

c a r r i e r of frequency f . Suppose the amplitude modulated wave 
s 

represented by f , f + f , were propagated along a waveguide to c c s 
a paramagnetic specimen under AC resonance conditions. (This term 

w i l l be used to describe the f o l l o w i n g s i t u a t i o n : the specimen i s 

assumed t o be resonant at a microwave frequency f and at a DC 

magnetic f i e l d H q; the DC f i e l d has a small-amplitude AC f i e l d 

superimposed on i t which i s j u s t large enough t o scan the resonance 

l i n e completely). I f the resonance has a frequency width less than 

2f then the two sidebands w i l l be r e f l e c t e d unchanged from the 

specimen. The r e f l e c t e d c a r r i e r , however, w i l l be amplitude-

modulated by a non-sinusoidal p e r i o d i c f u n c t i o n produced by the 
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AC resonance. This means t h a t the r e f l e c t e d s i g n a l has more 

sidebands than the i n c i d e n t s i g n a l , and these sidebands occupy 

two bands of frequencies which are symmetrical about f and whose 

widths are determined by the number of Fourier components of the 

non-sinusoidal resonance i n f o r m a t i o n . The t o t a l frequency spectrum 

r e f l e c t e d from the specimen i s shown i n f i g u r e 1. I f t h i s spectrum 

i s i n c i d e n t on the mixer i n p u t t o an IF a m p l i f i e r , the s i g n a l 

passing through the a m p l i f i e r would be a c a r r i e r wave of frequency 

f amplitude-modulated by the resonance i n f o r m a t i o n , t h i s spectrum s 
being shown i n f i g u r e 2. On reaching the second detector the 

resonance i n f o r m a t i o n i s separated from the c a r r i e r and can be 

a m p l i f i e d , i f necessary, by a broad-band video a m p l i f i e r . 

To operate a s i n g l e - k l y s t r o n 

superheterodyne spectrometer a l l t h a t i s needed i s the generation 

of two sidebands t o act as l o c a l o s c i l l a t o r s i g n a l . There are a 

number of ways of doing t h i s , f o r example: 

modulation of a travelling-wave tube; 

modulation of a k l y s t r o n a m p l i f i e r ; 

modulation of a k l y s t r o n o s c i l l a t o r ; 

use of a microwave diode as modulator. 

At 35 Gc/s the microwave diode i s the only p r a c t i c a b l e s o l u t i o n , 
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travelling-wave tubes being very expensive at t h i s frequency. 

A superheterodyne spectrometer u t i l i s i n g a transmission c r y s t a l 

modulator was the subject of a paper by myself, D.R. Mason and 

J.S.. Thorp, published i n the Journal of S c i e n t i f i c Instruments i n 

1965 (5). A b r i e f d e s c r i p t i o n f o l l o w s based upon the ideas already 

introduced i n t h i s chapter. 

4.3 P r a c t i c a l d e t a i l s of the receiver 

Figure 3 shows the o v e r a l l design 

of the spectrometer and r e c e i v e r . The transmission c r y s t a l 

modulator consists of a microwave diode mounted perpendicular t o 

the broad faces of the waveguide and driven at V? Mc/s from the 

output of an Advance RF s i g n a l generator d e l i v e r i n g 1 v o l t RMS at 

an impedance of 75 ohms. Other source impedances were t r i e d but the 

75 ohm value appeared t o be the optimum. For the sake of c l a r i t y 

i t w i l l be assumed t h a t the only frequencies propagated i n the 

waveguide f o l l o w i n g the modulator are the 35 Gc/s c a r r i e r and the 

two (35 + 0°0^5) Gc/s sidebands. This i s a s i m p l i f i c a t i o n , as i s 

shown l a t e r , but i t does not a f f e c t the p r i n c i p l e of operation. 

A 3 dB d i r e c t i o n a l coupler d i v i d e s the RF power i n t o two p a r t s : 

the f i r s t i s used to power the spectrometer; the second i s used 

as l o c a l o s c i l l a t o r s i g n a l , going v i a an attenuator to the balanced 
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The single-klystron superheterodyne spectrometer 
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m i x e r . Resonance i n f o r m a t i o n appears a t t h e magic T o u t p u t o f 

t h e microwave b r i d g e and i s f e d d i r e c t l y t o t h e balanced mixer. 

The n o n - l i n e a r i t y o f t h e d i o d e s i n t h e mixer produces an o u t p u t 

t o t h e I F a m p l i f i e r o f t h e resonance i n f o r m a t i o n as sidebands 

c e n t r e d on a h^> Mc/s c a r r i e r i n t h e manner d i s c u s s e d i n s e c t i o n k,2.2. 

There i s one marked d i f f e r e n c e f r o m t h e e a r l i e r d e s c r i p t i o n : 

power i s e x t r a c t e d f r o m t h e main waveguide r u n t o a c t as l o c a l 

o s c i l l a t o r s i g n a l i n s t e a d o f u s i n g t h e unchanged sidebands 

r e f l e c t e d from t h e specimen. T h i s i s done f o r t h e f o l l o w i n g reasons: 

( a ) V e r s a t i l i t y , H aving a g r e a t e r l o c a l o s c i l l a t o r power 

a v a i l a b l e g i v e s an i n c r e a s e i n the u s e f u l range o f i n p u t s i g n a l 

l e v e l s which can be e f f i c i e n t l y frequency-changed. 

( b ) E f f i c i e n c y . The b a l a n c e d m i x e r r e q u i r e s two i n p u t s , and 

t h e l o c a l o s c i l l a t o r i n p u t s h o u l d be q u i t e independent o f changes 

i n t h e s p e c t r o m e t e r . To a c h i e v e t h i s the l o c a l o s c i l l a t o r power 

i s t a k e n from t h e main waveguide r u n b e f o r e i t reaches t h e 

s p e c t r o m e t e r . 

( c ) I n t e r m o d u l a t i o n , The sum and d i f f e r e n c e f r e q u e n c i e s 

g e n e r a t e d by t h e l o c a l o s c i l l a t o r sidebands b e a t i n g w i t h t h e i r 

own c a r r i e r ( g i v i n g f r e q u e n c i e s 2 f - f and f , f o r example) a r e 
c s s 

o f low i n t e n s i t y i f t h e d e p t h o f m o d u l a t i o n o f f by f o i s s m a l l (6)« 
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The t r a n s m i s s i o n c r y s t a l m o d u l a t o r produces an e s t i m a t e d 1% 
m o d u l a t i o n and hence t h e i n t e r m o d u l a t i o n p r o d u c t , f , w h i c h t h e 
s u p e r h e t a c c e p t s , i s o f v e r y low i n t e n s i t y . T h i s i n t e n s i t y can 
be g r e a t l y i n c r e a s e d by m i x i n g t h e incoming s i g n a l t o t h e balanced 
m i x e r w i t h t h e l o c a l o s c i l l a t o r s i g n a l removed d i r e c t l y a f t e r t h e 
m o d u l a t o r . 

T h e o r e t i c a l l y i t i s u n d e s i r a b l e t o 

have more t h a n one f r e q u e n c y i n c i d e n t on t h e paramagnetic specimen; 

however, i f t h e resonance l i n e w i d t h i s l e s s t h a n t w i c e t h e 

i n t e r m e d i a t e f r e q u e n c y , t h i s s h o u l d n o t m a t t e r i n p r a c t i c e . I n t h e 

case o f r u b y t h e o v e r a l l l i n e w i d t h i s about 90 Mc/s b u t t h e power 

i n t h e (35 + 0.0^5) Gc/s sidebands i s so s m a l l t h a t no t r a c e s o f 

l i n e b r o a d e n i n g o r s p l i t t i n g have been observed. I f a c a v i t y , w e r e 

used on t h e s p e c t r o m e t e r , a l o a d e d Q o f about 1000 would be 

s u f f i c i e n t t o p r e v e n t t h e sidebands r e a c h i n g t h e specimen. 

k S p e c t r o m e t e r performance 

T h i s r e c e i v e r has been i n c o n t i n o u s 

o p e r a t i o n f o r 2-g- y e a r s and i t has proved s t a b l e , s e n s i t i v e and 

t r o u b l e - f r e e . The I F a m p l i f i e r w h i c h was used had been designed 

f o r c o n v e n t i o n a l t w o - k l y s t r o n o p e r a t i o n and c o n s i s t e d o f a n - . l l - s t a g e 

s t a g g e r - t u n e d c i r c u i t w i t h a passband of 10 Mc/s c e n t r e d on V? Mc/s» 
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For use w i t h t l i i s s i n g l e - k l y s t r o n , s p e c t r o m e t e r t h e stages were 
r e - t r i m m e d t o improve t h e o v e r a l l response w i t h o u t i n t r o d u c i n g 
i n s t a b i l i t y . When t h i s had been done the response curve had a 
s a t i s f a c t o r y shape w i t h a passband o f 2.6 Mc/s c e n t r e d on M+„5 Mc/s. 
The i n c r e a s e i n g a i n and i n s i g n a l - t o - n o i s e r a t i o f u l l y j u s t i f i e d 
t h e o p e r a t i o n . 

When used w i t h t h e p u l s e s a t u r a t i o n 

method f o r measuring s p i n - l a t t i c e r e l a x a t i o n t i m e t h e su p e r h e t 

d e s i g n has prov e d i d e a l . O p e r a t i o n o f the complete s p e c t r o m e t e r , 

shown i n f i g u r e has a l r e a d y been d e s c r i b e d (7) and i s e x t r e m e l y 

s i m p l e . The o n l y a i d t o f r e q u e n c y s t a b i l i t y o f t h e k l y s t r o n i s 

p r o v i d e d by an o i l b a t h i n which t h e k l y s t r o n i s immersed. A 

g a t i n g and s u p p r e s s i o n c i r c u i t was b u i l t t o key o f f t h e s u p e r h e t 

d u r i n g t h e s a t u r a t i n g p u l s e s . T h i s i s a n e c e s s i t y i n c o n v e n t i o n a l 

s u p e r h e t s where a p u l s e o f about 1 w a t t can damage a r e c e i v e r 
-1? 

a d j u s t e d t o accep t s i g n a l s o f 10 w a t t . The s i n g l e - k l y s t r o n 

r e c e i v e r d i d n o t r e q u i r e k e y i n g o f f a t a l l and t h e s u p p r e s s i o n 

c i r c u i t s were fo u n d t o be unnecessary. T h i s f e a t u r e i s due e n t i r e l y 

t o t h e l e v e l o f t h e l o c a l o s c i l l a t o r s i g n a l . As was s t a t e d i n 

s e c t i o n ^f . 2 . 1 t h e l o c a l o s c i l l a t o r must be more p o w e r f u l t h a n 

t h e i n c o m i n g s i g n a l . T h i s ensures t h a t the modulated wave b e i n g 
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a m p l i f i e d by t h e I F s t r i p i s an a c c u r a t e r e p l i c a o f t h e i n c i d e n t 

microwave s i g n a l , , The mathematics g i v e n i n s e c t i o n s and ^ .10 

shous t h a t t h e magnitude o f t h e I F s i g n a l i s d i r e c t l y p r o p o r t i o n a l 

t o b o t h t h e i n c o m i n g s i g n a l v o l t a g e and t h e l o c a l o s c i l l a t o r 

v o l t a g e . While b e i n g t r u e when these v o l t a g e s a re o f 1 t h e same 

o r d e r , t h i s i s n o t a u n i v e r s a l p r o p o r t i o n a l i t y . For example, 

t h e mathematics would g i v e t h e same magnitude o f I F s i g n a l f o r 

i n c o m i n g s i g n a l and l o c a l o s c i l l a t o r v o l t a g e s o f 10 and 12 as i t 

would f o r 0.5 and 2^0, and i n p r a c t i c e t h i s i s n o t t r u e . When one 

v o l t a g e i s v e r y much l e s s t h a n t h e o t h e r , v i r t u a l l y no m i x i n g 

t a k e s p l a c e ; t h i s i s m a i n l y due t o t h e f a c t t h a t t h e l a r g e r 

component b i a s e s t h e mixer diodes so hard t h a t t h e y do n o t a c t 

as t r u e m i x e r s a t a l l . I n c o n v e n t i o n a l superhets t h e l o c a l 

o s c i l l a t o r s i g n a l i s u s u a l l y many o r d e r s o f magnitude l a r g e r 

t h a n i t i s h e r e , so t h a t some m i x i n g does occur d u r i n g t h e RF 

p u l s e s and t h e I F o u t p u t i s s u f f i c i e n t t o o v e r l o a d t h e l a t e r 

s t a g e s o f t h e a m p l i f i e r , t h u s n e c e s s i t a t i n g t he use o f an I F 

s u p p r e s s i o n c i r c u i t . 

The s t a b i l i t y o f t h e i n t e r m e d i a t e 

f r e q u e n c y i s independent o f t h e s t a b i l i t y o f t h e m o n i t o r k l y s t r o n 

and i s d e t e r m i n e d e n t i r e l y by t h e s t a b i l i t y o f t h e h3 Mc/s s i g n a l 
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g e n e r a t o r . Because t h e l o c a l o s c i l l a t o r s i g n a l i s d e r i v e d f r o m 

t h e m o n i t o r k l y s t r o n , t h e l o c a l o s c i l l a t o r i s a u t o m a t i c a l l y 

s e l f - t r a c k i n g , t h a t i s i t f o l l o w s any f r e q u e n c y changes o f t h e 

m o n i t o r k l y s t r o n . I t i s i n t e r e s t i n g t o compare t h i s d e s i g n w i t h 

a c o n v e n t i o n a l superheterodyne s p e c t r o m e t e r i n c o r p o r a t i n g a 

s e l f - t r a c k i n g l o c a l o s c i l l a t o r k l y s t r o n , such as t h a t d e s c r i b e d 

by H o l t o n and Blum ( 8 ) . 

h.5 M i x e r and i n t e r m e d i a t e f r e q u e n c y c o n s i d e r a t i o n s 

So f a r o n l y t h e o r e t i c a l .arguments 

have been proposed t o d e f i n e a minimum a c c e p t a b l e l o c a l 

o s c i l l a t o r power l e v e l , assuming a 100$ e f f i c i e n c y f o r t h e mixer. 

I n p r a c t i c a l t e r m s , a ''mixer" comprises a mounting b l o c k w i t h a 

f l a n g e f o r waveguide c o n n e c t i o n , and a removable c r y s t a l c a r t r i d g e 

as d e s c r i b e d i n Chapter 3° To t h e e x p e r i m e n t a l worker who 

purchases, say, a b a l a n c e d m i x e r , t h e o n l y v a r i a b l e over which 

he has any c o n t r o l i s t h e t y p e o f mixer c r y s t a l , because t h e 

m a t c h i n g and b a l a n c i n g o f t h e mixer b l o c k are n o r m a l l y o p t i m i s e d 

by t h e m a n u f a c t u r e r s . 

h0^ol I m p o r t a n t mixer c r y s t a l parameters 

( a ) Noise t e m p e r a t u r e . T h i s i s d e f i n e d as the r a t i o o f t h e 

n o i s e power a v a i l a b l e f r o m a g i v e n network ( e . g . t h e mixer d i o d e ) 
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t o t h a t a v a i l a b l e f r o m an e q u i v a l e n t r e s i s t o r a t room t e m p e r a t u r e . 

The n o i s e t e m p e r a t u r e o f a mixer c r y s t a l i s never l e s s t h a n u n i t y ; 

t h i s would i m p l y t h a t t h e r e was no excess n o i s e developed i n t h e 

c r y s t a l i t s e l f and t h e n o i s e power a v a i l a b l e would o n l y be t h e 

Johnson n o i s e a s s o c i a t e d w i t h t h e I F i n p u t a d m i t t a n c e . Noise 

t e m p e r a t u r e v a r i e s w i t h t h e i n t e r m e d i a t e f r e q u e n c y a t which i t i s 

measured, b e i n g l o w e r a t h i g h I F ' s t h a n a t low I F ' s . T h i s v a r i a t i o n 

i s as ( f r e q u e n c y ) \ DC b i a s a f f e c t s t he n o i s e t e m p e r a t u r e a l s o , 

a r e v e r s e b i a s r a i s i n g t h e n o i s e t e m p e r a t u r e . Because o f t h i s i t i s 

a d v i s a b l e t o m a i n t a i n low r e s i s t a n c e DO paths f o r t h e c r y s t a l 

c u r r e n t . 

( b ) C o n v e r s i o n l o s s . D e f i n e d as the r a t i o o f t h e i n p u t RF 

power t o t h e o u t p u t I F power, i t i s c r i t i c a l l y dependent upon 

a s p e c t s o f t h e mi x e r b l o c k d e s i g n , upon the DC b i a s t o t h e c r y s t a l 

and upon t h e l o c a l o s c i l l a t o r power l e v e l . The e f f e c t o f a s m a l l 

f o r w a r d b i a s i s t o make t h e c o n v e r s i o n l o s s a t a reduced l o c a l 

o s c i l l a t o r power l e v e l a l m o s t as s m a l l as t h a t a t t h e normal l e v e l . 

Under these c o n d i t i o n s t h e c o n v e r s i o n l o s s / l o c a l o s c i l l a t o r d r i v e 

v a r i a t i o n i s much reduced. Strum (9) g i v e s d e t a i l s o f t h e c o n v e r s i o n 

l o s s as a f u n c t i o n o f t h e c r y s t a l c u r r e n t produced by l o c a l 

o s c i l l a t o r d r i v e . The minimum l o s s i s c r e a t e d by c r y s t a l c u r r e n t s 
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o f a bout 0,5 mA. When th e m i x e r i s used i n c o n j u n c t i o n w i t h an 

I F a m p l i f i e r , as i n t h e s p e c t r o m e t e r , f u r t h e r n o i s e c o n s i d e r a t i o n s 

a r e necessary, 

ko3«2. I F a m p l i f i e r n o i s e 

The excess n o i s e o f an I F a m p l i f i e r 

u s i n g a g i v e n t y p e o f v a l v e i n c r e a s e s a p p r o x i m a t e l y l i n e a r l y w i t h 

f r e q u e n c y ( 1 0 ) . 

The two o v e r - r i d i n g parameters 

f r o m t h e p r e c e d i n g d i s c u s s i o n a r e c r y s t a l n o i s e and I F a m p l i f i e r 

n o i s e , t h e f i r s t depending upon ( f r e q u e n c y ) ^ and t h e second upon 

f r e q u e n c y d i r e c t l y . The o v e r a l l excess noise curves are g i v e n i n 

r e f e r e n c e (9) and quoted by Ingram ( 11 ) , Minimum n o i s e l i e s i n t h e 

r e g i o n f r o m 20 t o 60 l'Ic/s a p p r o x i m a t e l y . The commonest i n t e r m e d i a t e 

f r e q u e n c i e s f o r microwave s p e c t r o s c o p y are 30 and Mc/s. 

k,S C r i t i c i s m s o f t h e s p e c t r o m e t e r 

Buckmaster and D e r i n g (12) have 

c r i t i c i s e d t h i s d e s i g n i n d e t a i l b u t from a v e r y dubious s t a n d p o i n t 

i n c e r t a i n p l a c e s . Each p o i n t i s covered i n the f o l l o w i n g d i s c u s s i o n , 

( i ) D e g r a d a t i o n o f t h e n o i s e f i g u r e , 

Buckmaster and D e r i n g ( r e f e r r e d t o 

as BD i n t h i s d i s c u s s i o n ) quote a f i g u r e o f 13 dB as b e i n g t h e 
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r a t i o o f t h e b r i d g e balance i n f o r m a t i o n a t zero I F t o t h a t a t 

4-5 Mc/s. C e r t a i n l y t h i s i s t r u e , b u t BD admit t h a t such 

synchronous demodulation, a t the, .aiierowawe frequency (pKoducin-gaa 

DC o u t p u t ) i s a v e r y i n s e n s i t i v e , d e t e c t i o n method because_of the 

h i g h f l i c k e r n o i s e o f dio d e s a t nea r - z e r o f r e q u e n c i e s . I f 

sup e r h e t e r o d y n e d e t e c t i o n i s t o be used t o overcome t h e n o i s e 

problem t h e n t h i s f a c t o r o f -13 dB i s a u t o m a t i c a l l y i n c u r r e d , 

i r r e s p e c t i v e o f t h e t y p e o f s u p e r h e t used. T h i s f i g u r e o f 13 dB 

does n o t a r i s e f r o m t h e presence o f ; ,extraneous s i g n a l s 1 1 . The 

ba l a n c e d mixer d e r i v e s i t s b i a s almost c o m p l e t e l y from t h e 

microwave c a r r i e r component o f t h e l o c a l o s c i l l a t o r s i g n a l , 

i . e . , a t a f r e q u e n c y o f 35 Gc/s„ I n a c o n v e n t i o n a l s u p e r h e t t h e 

0,5 mA c u r r e n t b i a s mentioned i n s e c t i o n 4 . 5 . 1 i s d e r i v e d f r o m 

t h e l o c a l o s c i l l a t o r a t a f r e q u e n c y o f 35 • 0^5 Gc/s. BD s t a t e 

t h a t t h i s b i a s i n g , by n o t t a k i n g p l a c e a t t h e t r u e l o c a l 

o s c i l l a t o r f r e q u e n c y , a l s o degrades t h e n o i s e f i g u r e . I t seems 

u n l i k e l y t h a t t h e n o i s e f i g u r e would be s e n s i t i v e t o a 0.13'/' 

change i n microwave f r e q u e n c y , as t h i s statement i m p l i e s . As i s 

shown i n Chapter 3? t h e p h a s e - s e n s i t i v e d e t e c t o r o r synchrodyne 

demodulator can have f a r g r e a t e r s e n s i t i v i t y t h a n the super h e t 

because i t s b a n d w i d t h i s e x t r e m e l y narrow and i t s response t i m e 
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c o r r e s p o n d i n g l y s l o w e r . 8L), i n t h e i r quest f o r u l t i m a t e ' 

s e n s i t i v i t y ( 1 3 ) , (1*0, appear t o have o v e r l o o k e d t h e f a c t t h a t 

a s e n s i t i v e s u p e r h e t e r o d y n e spectrometer s p e c i f i c a l l y designed 

f o r p u l s e s a t u r a t i o n measurements i s not t h e most s e n s i t i v e 

s p e c t r o m e t e r f o r d e t e c t i n g paramagnetic resonance. T h i s i s shown 

i n t h e i r t h i r d p a r a g r a p h where t h e y i n t r o d u c e magnetic f i e l d 

m o d u l a t i o n a t a f r e q u e n c y f and suggest t h a t a n o i s e f i g u r e 

improvement o f 13 dB c o u l d be o b t a i n e d by u s i n g synchronous 

d e m o d u l a t i o n a t t h e microwave freq u e n c y f o l l o w e d by a m p l i f i c a t i o n 

and f u r t h e r synchronous d e m o d u l a t i o n a t a f r e q u e n c y f . Q u i t e so, 

b u t t h e s u p e r h e t i s no l o n g e r usable t o measure r e l a x a t i o n t i m e s J 

( i i ) I n h e r e n t i n s t a b i l i t y . 

The sidebands i n t h e r e f l e c t e d s i g n a l 

f r o m t h e microwave b r i d g e do mix w i t h the c a r r i e r p r e s e n t i n t h e 

l o c a l o s c i l l a t o r s i g n a l t o g i v e an unmodulated o u t p u t a t t h e 

i n t e r m e d i a t e f r e q u e n c y b u t adverse e f f e c t s due t o t h i s a re overcome 

by c a r e f u l a d j u s t m e n t o f t h e microwave b r i d g e and l o c a l o s c i l l a t o r 

l e v e l . A s u p p r e s s e d - c a r r i e r l o c a l o s c i l l a t o r system has s i n c e 

been developed t o overcome t h i s problem and i s d e s c r i b e d i n 

s e c t i o n * f . l 2 . B"D a g a i n r e v e a l t h e i r m i s u n d e r s t a n d i n g o f t h e system 

i n t h i s same par a g r a p h when t h e y e x p l a i n t h a t t h e e f f e c t o f a 
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swamping c a r r i e r i n t h e I F a m p l i f i e r can be removed by 

u n b a l a n c i n g t h e synchronous demodulator f o l l o w i n g t h e a m p l i f i e r . 

T h i s shows d i r e c t c o n f u s i o n between t h e system we d e s c r i b e and 

the h y p o t h e t i c a l double-synchronous-demodulation system which 

t h e y i n t r o d u c e i n t h e i r t h i r d paragraph. 

I t i s i n t e r e s t i n g t o no t e t h a t most 

s u p e r h e t s p e c t r o m e t e r s use a balanced mixer and ^5 Mc/s I F 

a m p l i f i e r , and i f some form o f synchrodyne r e c e i v e r i s t o be used 

as w e l l ( i n c o n j u n c t i o n w i t h s m a l l - a m p l i t u d e magnetic f i e l d 

m o d u l a t i o n a t a f r e q u e n c y f ) , t h e synchronous demodulator a t f i s 

connected t o t h e o u t p u t f r o m t h e superhet second d e t e c t o r . 

A c c o r d i n g t o paragraphs-two arid ;.th:eee of. BD a n o i s e , figuose 

d e g r a d a t i o n o f a t l e a s t 13 dB w i l l be i n c u r r e d . The most r e c e n t 

paper on t h i s p a r t i c u l a r t y p e o f dual-purpose s p e c t r o m e t e r i s by 

Pata n k a r ( 13 ) , who a l s o p r e s e n t s some s e m i - q u a n t i t a t i v e i n f o r m a t i o n 

on n o i s e i n s i n g l e - k l y s t r o n systems, showing t h a t h i s system's 

s e n s i t i v i t y i s v e r y c l o s e t o t h e t h e o r e t i c a l v a l u e g i v e n by 

Feher ( l 6 ) and a t t r i b u t e s t h e d i s c r e p a n c y t o t h e poor n o i s e 

f i g u r e s o f t h e mixer c r y s t a l s , and n o t to two suc c e s s i v e stages 

o f f r e q u e n c y changing i n c u r r i n g 13 dB o f n o i s e f i g u r e d e g r a d a t i o n . 

A s h o r t l e t t e r by m y s e l f , D.R. Mason 



4.17 

and J.S. Thorp was p u b l i s h e d (17) t o p o i n t out some o f t h e 

f a l l a c i e s i n t h e argument o f Buckmaster and D e r i n g . 

4.7 P o s s i b i l i t i e s o f e x t e n d i n g the p r i n c i p l e t o 

70 Gc/s 

The a t t r a c t i o n s of' a s i n g l e - k l y s t r o n 

system l i e i n t h e low powers needed, the e x t r e m e l y h i g h I F 

s t a b i l i t y , and t h e need f o r o n l y one k l y s t r o n i n s t e a d o f two. 

The p r i n c i p l e becomes i n c r e a s i n g l y a t t r a c t i v e as t h e microwave 

f r e q u e n c y i s i n c r e a s e d . A s i n g l e - k l y s t r o n superhet s p e c t r o m e t e r 

has been designed and o p e r a t e d a t 70 Gc/s, t h e o n l y microwave 

source b e i n g a 30 ml/ r e f l e x k l y s t r o n o p e r a t i n g a t 35 Gc/s. T h i s 

d e s i g n i s d e s c r i b e d i n Chapter 6. 

4.8 Survey o f superheterodyne s p e c t r o m e t e r s 

Though d e s c r i p t i o n s of t h e major 

s u p e r h e t s p e c t r o m e t e r s were t h o u g h t t o be s u p e r f l u o u s t o t h i s 

c h a p t e r , r e f e r e n c e s (19) t o (32) are i n c l u d e d i n o r d e r t o c o l l a t e 

t h e sources o f some v e r y i n t e r e s t i n g superhet d e s i g n s , developed 

s i n c e England and Schneider ( l 8 ) d e s c r i b e d t h e f i r s t i n 1950. 

4 .9 L o w - l e v e l c o n v e r s i o n t h e o r y f o r p o i n t - c o n t a c t 

d i o d e s 

Having discussed t h e a c t i o n o f t h e 
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s u p e r h e t i t i s now u s e f u l t o see how the microwave diode works 

i n i t s v a r i o u s r o l e s * The s i m p l e s t o p e r a t i o n i t performs i s t h a t 

o f l o w - l e v e l d e t e c t i o n ( d e m o d u l a t i o n ) of an a m p l i t u d e modulated 

RF wave. 

I t i s w e l l known t h a t t h e 

c h a r a c t e r i s t i c o f a p o i n t - c o n t a c t diode can be r e p r e s e n t e d , over 

a s m a l l range near t h e o r i g i n , by a T a y l o r s e r i e s ending a t t h e 

squared term: 

I + o 
d l 
dE L J o 

(E - E ) + i o 2 
2 d l 

d E 2 

(E - E y 
0 

(1) 

At t h e moment t h e magnitudes o f t h e c o e f f i c i e n t s are u n i m p o r t a n t 

and t h e e q u a t i o n i s t h u s s i m p l i f i e d t o : 

1 = 1 + K (E - E ) + K_(E - E )' o 1 o 2 o (2) 

Suppose an a m p l i t u d e modulated wave g i v e n by: 

E = E + C ( l + k . s i n co t ) . s i n to t (3) o s c 

i s i n c i d e n t on t h e d i o d e . E^ and I s p e c i f y t h e DC o p e r a t i n g 

p o i n t . C i s t h e c a r r i e r a m p l i t u d e and co^ i t s a n g u l a r f r e q u e n c y ; 

k i s t h e m o d u l a t i o n f a c t o r and t h e m o d u l a t i o n a n g u l a r 

f r e q u e n c y . E q u a t i o n (3) can be expanded i n t o : 

E - E = C ( s i n w t + ( k / 2 ) . c o s ( t o - to ) t - (k / 2).cos(« )t),(k) o c c s c s 
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w h i c h shows t h e e q u i v a l e n c e t o a c a r r i e r and two s y m m e t r i c a l 

s i d e b a n d s . E q u a t i o n (4) i s now s u b s t i t u t e d i n t o e q u a t i o n (2) and, 

u s i n g t h e common t r i g o n o m e t r i c a l i d e n t i t i e s , becomes: 

1 = 1 + K n C ( s i n ! j t + (k/2).cos ( ( A ? - u> ) t - ( k / 2 ) . c o s ( w + co ) t ) 
o 1 c c s c s 

+ K 2 C 2 ] 1/2 + ( k 2 / 4 ) ~ (1/2 + k 2 / 4 ) . c o s Z^t | 

I 
- ( k /4).cos 2<o t 

s 

+ (k 2/8)(cos(2co + 2w ) t + cos(2to - 2w ) t ) c s c s 
! 
j 
j + ( k / 2 ) ( s i n ( 2 « - uj ) t + sin(2w + to ) t ) | c s c s 
I I 
! I 

| + k . s i n w t J . (5) 
I s _ I 

I t i s t h e squared t e r m i n e q u a t i o n (2) which i s r e s p o n s i b l e f o r 

t h e a c t u a l c o n v e r s i o n o p e r a t i o n . Three f r e q u e n c i e s are i n c i d e n t ; 

s q u a r i n g these i n d i v i d u a l l y produces the harmonic terms i n 

2 to , (2 co + 2 co )« I t i s t h e c r o s s - p r o d u c t terms produced i n 
c c *••• s 

s q u a r i n g which g i v e r i s e t o t h e o t h e r terms, and t h i s i s t h e t r u e 

c o n v e r s i o n p r o c e s s . The f o l l o w i n g d i s t i n c t i o n i s s t r e s s e d here 

as i t o c c u r s f r e q u e n t l y i n t h e mathematical a n a l y s e s ; 

harmonic g e n e r a t i o n i s produced by the i n c i d e n t f r e q u e n c i e s 

b e i n g r a i s e d t o a power n, n b e i n g t h e harmonic number; 
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c o n v e r s i o n and m i x i n g a r e r e s u l t s o f t h e c r o s s - p r o d u c t 

terms between t h e i n p u t f r e q u e n c i e s . 

Thus, by making the i n p u t t o t h e 

a m p l i f i e r f o l l o w i n g t h e diode f r e q u e n c y - s e l e c t i v e , any one o f 

t h e terms i n e q u a t i o n (5) can be a m p l i f i e d , the o t h e r terms b e i n g 

f i l t e r e d o u t . For o p e r a t i o n as a s i m p l e d e t e c t o r f o r t h e a m p l i t u d e 

modulated RF i n p u t , t h e s i g n a l o u t p u t from t h e diode would be 
2 

K_C k. s i n w t«> 
2 s 

^ o l O A m p l i t u d e m o d u l a t i o n u s i n g a microwave diode 

A statement can u s u a l l y be found i n 

a microwave t e x t b o o k t o t h e e f f e c t t h a t i f t h r e e f r e q u e n c i e s and 

a n o n - l i n e a r element are g i v e n , any two o f these f r e q u e n c i e s can 

be combined t o g i v e t h e t h i r d f r e q u e n c y (33)° M a t h e m a t i c a l l y t h i s 

i s easy t o c o n f i r m , b u t e x a c t l y how i t happens i n p r a c t i c e i s 

o f t e n a v e r y complex problem. Chapter 3 has a l r e a d y suown t h e 

b a s i c p r i n c i p l e by w h i c h a microwave diode c o u l d a c t as a v o l t a g e -

c o n t r o l l e d a t t e n u a t o r ( m o d u l a t o r ) and has shown t h a t t h e m o d u l a t i o n 

e f f i c i e n c y i s o n l y good f o r v e r y low i n c i d e n t power. However, t h e 

t r a n s m i s s i o n c r y s t a l m o d u l a t o r o f s e c t i o n 4.3 o p e r a t e s w i t h t h e 

f u l l k l y s t r o n power i n c i d e n t on i t ; t h e m o d u l a t i o n e f f i c i e n c y i s 

v e r y low b u t does n o t i n c r e a s e i f t h e k l y s t r o n power i s reduced, 
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so t h a t t h e proc e s s o f m o d u l a t i o n must be d i f f e r e n t under 45 Mc/s 

d r i v e f r o m t h a t a t DC. 

A microwave d i o d e , under s e l f - b i a s 

c o n d i t i o n s duo t o a microwave f i e l d , assumes a r e v e r s e b i a s so 

t h a t t h e i n s t a n t a n e o u s o p e r a t i n g p o i n t l i e s f o r some 9Q/> o f t h e 

ti m e i n t h e r e v e r s e r e g i o n o f t h e c h a r a c t e r i s t i c ( 3 4 ) . Thus i t 

i s r e a s o n a b l e t o assume t h a t i t i s t h e r e v e r s e c h a r a c t e r i s t i c 

w h i c h i s dominant i n t h e m o d u l a t i o n process. The DC c h a r a c t e r i s t i c 

o f t h e diode used i n t h e modula t o r i s shown i n f i g u r e 5-

Measurements made on t h e r e v e r s e p o r t i o n showed t h a t i t s shape 

was almost a t r u e e x p o n e n t i a l f u n c t i o n , and i t s e q u a t i o n was 

d e r i v e d , p o s t u l a t i n g an a r b i t r a r y o p e r a t i n g p o i n t o f 

(-5 v o l t s , - 9 .6 mA), and i s g i v e n by: 

I = 9«6 x 10"°.exp •(5 ~ V) 
1.47 \ . (6) 

T h i s can be s i m p l i f i e d t o : 

I = I p . e x p ( - q ( V p - V) ) , (7) 

where I = 9«6 mA, V = 5 v o l t s and q = 0.68 ( v o l t ) \ 
P P 

Using t h e s e r i e s e x p a n s i o n f o r an e x p o n e n t i a l f u n c t i o n , t h i s becomes 

I = I ( 1 - q(V - V ) + ( q 2 / 2 ) ( V - V ) 2 - ( q 3 / 6 ) ( V - V ) 3 . . . . ) . (8) 
p P P P 



Figure 5. 

Characteristics of the modulator diode 

X axis? 1 volt per d i v i s i o n 

Y a x i s : 4 mA per d i v i s i o n 
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The diode i s subject to two sinusoidal frequencies, V sin w t 

as the microwave f i e l d and V sin t as the k$ Mc/s modulation 
s s 

signal. The resultant signal i s therefore: 

V = V + V sin co t + V sin u> t . (9) 
p c c s s 

This voltage i s time-symmetrical about V_̂, so that (V - V ) of 

equation (9) can be substituted fo (V - V) of equation (8) 

without any changes of sign. As yet, no assumptions can be made 

as to where the expansion can be truncated. (Observations i n 

Chapter 6 show that i t cannot be truncated below the fourth 

power term). Substituting equation (9) into equation (8) gives, 

after s i m p l i f i c a t i o n and rearrangement, the equation (10) s.iown 

on the next page. Only the asterisked frequencies are propagated 

down the waveguide. The terms used for operation of the single-

klystron superhet are A and E5 the terms H are just detectable -

the terms I are not. As a resu l t , the spectrometer and superhet 

are v i r t u a l l y unaffected by the many modulation products of the 

transmission crystal modulator. Harmonic terms of co are dealt 

with i n Chapter 6. 

This treatment i s not a variant 

of the usual high-level conversion mathematics ( 35 ) which assumes 
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l+q 2V 2A+q 2V 2A+q i fvV6 if+q i fV 2V 2/l6+q 2V /76^ c s c c s s 

•(qV c+qV/8+q 3V cV 2A). sin 

-(q2V2A+qVA8+qVv2/l6.COS 2 w t c c c s c 

A 
I 
I 
I 

i 
B 

+(q 5V 5/2^).sin 3 w t 

+ (q fvVl92). cos k u t c c 

-(qV +q-5V3/8+qV"V A ) . s i n <o t s s c s s 

-(q2V2A+qVA8+qVv2/l6).cos 2 t o j ; 
S S C S 0 

+ (q 5V 3/2^).sin 3 io t 

+ (q V /l 9 2 ) .cos 4 w t 
S S I 

I 

+ (q2V V /2+qV^V /l6+q\ V 3/l6)(cos(w -w )t-cos(w +co ) t ) | *E 
^ C S C S C S C S C S 

+ (q 5V 2V /8)(sin(2« +w )t-sin(2w -<o ) t ) ^ c s c s c s 

+(qVv A 8)(cos ( 3 w +^ ) t -cos(3w -o ) t ) ^ c s c s c s 

+ (q^V V 2/8 ) (s in0o +2w )t+sin(o -2<o ) t ) 

+ (qifV VJ)A8)(cos(« + 3 « )t-cos(w - 3 « ) t ) * ! I 
1 c s c s c s I 

I 
+ (q\ 2V 2 / 3 2)(cos ( 2 c o +2to )t+cos (2« -2<o ) t ) * ^ c s c s c s 

I 

Equation (10) 



true zero-bias operation where the forward and reverse 

characteristics are equally important. This attempt to bring 

the theory to f i t the experimental conditions goes further than 

the average textbook, but i s no nearer being an exact description 

of the modulation process. 

Notice that the coefficients of 

terms i n M and co , 2 C J and 2 w , co + 2 *o and 2 t o + <v> , c s c s c — s c — s 
etc., are a l l symmetrical i n t h e i r constants, q's, V^'s and V 's, 

and t h i s shows up where the interpretation f a i l s . Because of t h i s 

symmetry i t could be expected that the r a t i o of the amplitudes 
of Co to 2 co would be the same as the r a t i o of the amplitudes c c 
of to to 2 u i f V and V were made equal. This i s not the case s s c s 
by any means. Using an audio frequency analyser to examine the 

voltage across the microwave diode, for a 400 c/s sine wave input, 

showed a loss of 15 dB to the second harmonic and 2k dB to the 

t h i r d harmonic. This contrasts with typioal figures obtained 

from microwave diode harmonic generators (36) of 21dB to the 

second and kO dB to the t h i r d harmonic of the microwave frequency. 

The explanation of th i s must be that the diode presents a t o t a l l y 

d i f f e r e n t characteristic to the microwave frequency from that 

which i t presents to the modulating frequency, and no mathematical 



approach can be satisfactory i f both signals are applied to the 

same equation for the characteristic. 

No quantitative data can be given 

even on the r e l a t i v e magnitudes of the coefficients i n equation ( 10 ) 

because a l l the detection systems available i n the laboratory 

u t i l i s e a microwave diode and t h i s would mix a l l the components 

of equation ( 1 0 ) s t i l l further, introducing more coefficients 

due to i t s own particular characteristic. A microwave spectrum 

analyser would be able to evaluate the conversion loss to the 

various harmonics of 6j and perhaps give some indication of the 

diode characteristic as seen by the microwave f i e l d . 

4 . 1 1 The balanced mixer and i t s performance i n 

th i s superhet 

Superheterodyne receivers use 

balanced mixers because (a) the local o s c i l l a t o r can be very 

loosely coupled to the signal; 

(b) no local o s c i l l a t o r power i s radiated 

into the signal arm, and 

(c) l o c a l o s c i l l a t o r noise i s balanced 

out. These points are explained i n Chapter 3 and i n section 4 . 1 2 . 

When a balanced mixer i s operated 
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under optimum conditions (section 4 . 5 ) the local o s c i l l a t o r 

signal i s large and the mixer diodes are switched from ON to OFF 

by t h i s . The diode resistance, plotted as a function of time, 

becomes a square wave of frequency equal to the local o s c i l l a t o r 

frequency and thus contains only odd harmonics of the fundamental 

( 3 7 ) and can be written; 

P(t) = hQ+h^( cos tot - ( 1 / 3 ) .cos 3«t + ( 1 / 5 ) .cos 5»t ...) * ( 1 1 ) 

The l o c a l o s c i l l a t o r signal i n the single-klystron receiver has 

most of i t s power at the signal frequency co^ and i f the 

frequencies ^ , 6 j + co are applied to a switched mixer acting 
C C s 

at io , there i s an output at to , Co , 2 co , and sum and c s e c 
difference frequencies but no dist o r t i o n terms, i.e. no harmonics 

of w , This contrasts with the low-level conversion case of s 
equation ( 5 ) where a term i n 2 60 appears and i s down by a factor 

s 
of only k / 4 on the fundamental. 

I t would be simple to accept the 

normal switching idea for the operation of the balanced mixer 

here and not consider the fact that the mixer crystals could be 

working i n their square-law region. There are two ways of testing 

which met: tod i s operating: (a) i f mixer, output signals are 

present at 2 w then the square-law action must be operative; 



^ . 2 7 

(b) i f the carrier i s suppressed 

from the local o s c i l l a t o r signal and no change for the worse i s 

observed, again the square-law action must be operative. Both of 

these tests have, been t r i e d ; both give the same result. The 

modulator was driven at 2 2 . 5 Mc/s and an output from the mixer 

at k1} Mc/s was just v i s i b l e above the noise. This could be 

produced by d i s t o r t i o n i n a square-law mixer or by mixing of the 

terms H and A (equation ( 1 0 ) ) i n a linear switching mixer. 

However, suppression of the local o s c i l l a t o r carrier effected no 

change i n performance and t h i s proved that the mixer was operating 

i n i t s square-law or low-level conversion state. 

ko12 An improvement to the design 

The carrier was removed i n test (b) 

above by careful adjustment of a high-Q wavemeter cavity, A more 

elegant method of carrier suppression which also gives more 

e f f i c i e n t h^> Mc/s modulation uses a balanced modulator. This 

consists ( 3 8 ) essentially of a balanced mixer used i n reverse. 

The two reversed p o l a r i t y crystals i n the, terminated M-plane arms 

are driven i n p a r a l l e l from the same ^5 Mc/s signal generator. 

The microwave carrier enters at the H-plane input and i s reflected, 

modulated, from the terminations. The two waves approaching the 
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T-junction are thus: 

V1 - K(sinu ; t + (k /2).cos(w -w ) t - (k/2),cos(<o + to ) t ) 
1 c c s c s 

and ^ _ j.-^g^^ t _ (k /2).cos(w -o ) t + (k/2).cos(a- + co ) t ) , 
2 c c s c s 

the sideband terms being of di f f e r e n t p o l a r i t y because of the 

reversed pair of diodes. At the T-junction the in-phase carrier 

components add and leave by the H-plane arm while the out-of-phase 

sideband terms add and leave by the E-plane arm. The output 

signal i s thus: 

V = Kk.cos(to -co ) t - Kk.cosOy + w ) t 
c s c s 

The transmission crystal modulator 

was removed and the balanced modulator inserted into the local 

o s c i l l a t o r waveguide immediately after the attenuator. The 

improvement i n performance i s probably due to the increased 

sideband power at (35 + 0.0^+5) Gc/s. Carrier suppression appears 

to be about ^0 dB and i s dependent upon good matching of the 

modulator crystals and upon the proximity of the working frequency 

to the design frequency of the modulator block. 

Because of good is o l a t i o n of the 

H and E-plane inputs to the balanced mixer the coupling of the 

loc a l o s c i l l a t o r to the signal i s very loose and v i r t u a l l y none 



4 . 2 9 

of the l o c a l o s c i l l a t o r power can escape from the other input. 

Thus the mixer acts as a buffer stage between the spectrometer 

and the local o s c i l l a t o r signal. Noise, present i n the local 

o s c i l l a t o r signal, w i l l reach the crystals i n antiphase and beat 

with the true local o s c i l l a t o r frequency which i s also i n 

antiphase, producing in-puase IF noise, ( 3 9 ) ° Because the crystals 

are of reversed p o l a r i t y , these IF noise signals cancel out. This 

applies equally to linear and to square-law balanced mixers. 
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Chapter 5 

35 Gc/s Relaxation Time Measurements at Microwatt Power Levels 

In Chapter 1 the importance of 

relaxation time i n electron spin resonance generally, and i n 

maser materials i n part i c u l a r , was outlined. The commonest 

techniques f o r measuring relaxation time were introduced, together 

with details of the microwave frequency used, the power required 

and the material investigated by each method. (In the following 

discussion the ultrasonic method of iJobrov and Browne ( l ) w i l l 

not be considered since i t introduces sound waves as the energy 

source that induces electron spin transitions. Only those methods 

which use a microwave f i e l d to induce the transitions w i l l be 

considered). The outstanding feature of these methods ( 2 ) , ( 3 ) , 

('+)» (5 )? ( 6 ) , i s the microwave power requirement. In each case 

th i s power must be s u f f i c i e n t to saturate the spin system; at 

frequencies up to 35 Gc/s t h i s i s no problem, but above th i s th© few 

valves giving enough power are extremely expensive, and as a result 

no direct measurements of s p i n - l a t t i c e relaxation time have been 

made above 35 Gc/s. The pulse saturation method of Davis et a l . (*f) 

has become accepted as the standard technique for the measurement 

of T^, but i t has the disadvantage of needing three klystrons 

i n i t s conventional form and two klystrons i f a single-klystron 
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superhet receiver ( 7 ) i s used. In the pulse saturation method, 

the spin system i s completely saturated by a pulse of microwave 

energy and the recovery of the system to a state of v i r t u a l 

thermal equilibrium i s observed by the increase i n absorption 

of a very small microwave signal at the same frequency as the 

pulse and derived from a r e f l e x klystron, normally referred to 

as the ^monitor" klystron. 

A method has been developed which 

maintains the important advantages of pulse saturation (Chapter l ) 

but requires the use of only one low-power refl e x klystron. The 

basis of the method l i e s i n the simple relaxation theory for a 

two-level spin system. 

5 . 1 Theory 

Symbols used 

N l : population of le v e l 1 at thermal equilibrium; 

N 2 : population of l e v e l 2 at thermal equilibrium; 

n l S instantaneous population of level 1 ; 

n 2 : instantaneous population of level 2 ; 

An : instantaneous population difference; (An=n^ -n^); 

T1 ; s p i n - l a t t i c e relaxation time; 

w 1 2 ! relaxation t r a n s i t i o n probability from level 1 to 2 ; 

W : 
12 

stimulated t r a n s i t i o n probability from level 1 to 2 ; 

AN : population difference at thermal equilibrium;(AN=N - NL,). 
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This notation i s that of Siegman ( 8 ) . 

For a two-level system i n thermal equilibrium only the relaxation 

processes are active, and the following rate equations, describing 

the rates of change of the populations and n.-,, can be written: 

dn^/dt = ~ w 2 2 ' n l + w21° n2 

dn/dt = w12.n;L - w 2 1.n 2 

(1) 

I n thermal equilibrium, n^ = and n 2 = N , therefore by d e f i n i t i o n : 

dn /dt = dn 2/dt = 0 (2) 

By taking the equations (1) and subtracting the second from the 

f i r s t , a single rate equation for the population difference &n 

can be written: 

dAn/dt = dn^/dt - dn 2/dt = 2(w 2^.n 2 - \j .n^) 

~ ^ W21 ~ W12^ N " ^W12 + w 2 i ^ n '(3) 

The exponential nature of the relaxation process i s easier to 

recognise i f equation ( 3 ) i s rewritten as: 

dan = - ( A n - AN) , {k) 
dt T, 1 

where T^ i s defined as: 

T l ~ ^W3 2 + ^ l ^ " 1 * ^ 
The solution of equation (k) i s : • 

An(t) = AN + (An Q - AN).exp(-t/T ) , (6) 



where An i s the value of An at time t = 0 , o 
I f a microwave signal at the 

resonance frequency i s applied to the system, transitions i n 

both directions w i l l be stimulated by i t . The relaxation processes 

w i l l continue, but a new pair of rate equations must be written: 

dn/dt = -w^.x^ + w 2 1.n 2 - W12.nx + tf^.n., 
( 7 ) 

dn/dt = vj12.n± - w 2 1.n 2 + V^.^ -

thus accounting for the stimulated and the relaxation transitions. 

The important things about the stimulated t r a n s i t i o n probabilities 

Ŵ 2 and \i are: (a) they are equal; 

(b) tlicy are d i r e c t l y proportional to the incident 

microwave power. 

. . . I Subtraction of the equations ( 7 ) , 

as before, gives a single rate equation: 

dAn An - AN 2W .An . ( 8 ) 
dt " T1 

This equation can be rearranged in t o the form: 

dAn ^ - (1 + 2W12.T1)-1..N ^ ( g ) 

d t ( 1 / T 1 + 2 W 1 2 r l 

By comparison of t h i s equation with equation (*f) i t can be seen 
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that the solution of equation ( 9 ) i s exponential i n form and of 

time constant C given by: 

C = (1/T 1 + 2W r 1 . (10) 

The magnitude of W at resonance i s determined by the incident 

microwave power l e v e l , so that C becomes power-dependent when 

i s comparable with l/T^. I f the experimental conditions can 

be arranged such that the microwave-power i s . large enough -to iproduce 

an accurately measurable power absorption but yet i s small enough 

for to be very small compared with l/T^, equation (10) can be 

sim p l i f i e d to: 

C = T x . (11) 

The accuracy to which a measured value of C gives T^ depends 

upon how small Ŵ^ i s compared with 1/T̂ , and an exact determination 

of the result should be given by measuring C as a function of 

power and extrapolating to give the value of C at zero power. 

However, t h i s was not found to be necessary, as i s explained l a t e r . 

Equation ( 9 ) i s the basis for the 

new method described here; the manner in which the spin system 

responds to a low-power microwave pulse i s given by t h i s equation 

provided that the spin-spin relaxation time i s very much less 
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than T̂ . This contrasts with the pulse saturation method where i t 

i s the recovery of the spin system from a saturating pulse which 

i s observed. This new method w i l l be referred to i n the succeeding 

descriptions as the pulse response technique. A paper describing 

the technique and i t s uses, written by myself and J.S. Thorp, i s 

to be published i n the B r i t i s h Journal of Applied Physics (9). 

The spin systems to which t h i s method has been applied have not 

been of the simple two-level type which t h i s theory covers. 

However, the examination of multi-level systems by th i s method 

involves the same modifications as i n the pulse saturation method, 

i. e . , for an n-level spin system there are n - 1 rate equations, 

leading i n turn to n - 1 relaxation times (10), For the k level 
3+ 

system of the Cr ion there are thus three possible relaxation 

times but i n practice the time-constants and the amplitudes of 

the signals corresponding to these relaxations are such that only 

the true s p i n - l a t t i c e relaxation i s v i s i b l e . Mason (11) has 

observed two exponential signals on various occasions using the 

pulse saturation method; the true s p i n - l a t t i c e relaxation i s always 

the longest time-constant present, and this i s the main reason for 

taking the measurements for T̂  from the : , t a i l " of the displayed 

curve. In th i s way a l l the faster relaxation processes have died 
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The pulse response spectrometer 
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away, leaving only the true spin-lattice relaxation. 

5«2 The experimental method 

At 35 Gc/s a conventional bridge 

spectrometer with crystal-video detection was used. The specimen 

was mounted on the s h o r t - c i r c u i t termination of the waveguide, 

positioned at the centre of a superconducting solenoid. The 

use of the s h o r t - c i r c u i t termination (which i s not an essential 

feature of the method) placed less stringent requirements on 

the frequency s t a b i l i t y of the klystron. Figure 1 shows the 

component layout. The r e f l e x klystron ( E l l i o t t type 8SK19) i s 

grid-modulated to produce RF pulses with a mark-space r a t i o of 

about 1 : 9 and a peak pulse power of about 3 mW. Frequency 

deviation during the pulse does not exceed 5 Mc/s and an 

amplitude sag of less than 10% could be achieved at pulse lengths 

below 80 msec. A calibrated attenuator reduces the power at the 

specimen to about 10 ̂ JV. 

Figure 2 shows the waveforms 

obtained from the crystal-video receiver after the microwave 

bridge was balanced to select the absorption signal. The upper 

trace i s the pulse waveform of f resonance. The lower trace, 

obtained with the magnetic f i e l d on resonance, shows the power 



Figure 2. 

Receiver output d i s p l a y 

Upper t r a c e : o f f magnetic resonance. 

Lower t r a c e i on magnetic resonance. 

0.2% Cr ruby at 4.2°K. H o r i z o n t a l s c a l e 2 msec per d i v i s i o n 



absorption decreasing with time. A l l the present measurements 

have been made on ruby and sapphire specimens. The power dependence 

of C (section 5»1) has been observed but i t was found unnecessary 

to p l o t C against power and extrapolate to zero power because 

there was an appreciable range (up to about 300 >uW) over which C 

was independent of power and over which the amplitude of the 

response signal was large. The pulse length must be much greater 

than the time constant under investigation to ensure maximum 

signal amplitude and to display the baseline, an important feature 

i n the interpretation of the curve. The interval between the 

pulses i s made s u f f i c i e n t l y large to enable the spin system to 

regain thermal equilibrium before the a r r i v a l of the next pulse. 

Graphs of the natural logarithm of the absorption against time, 

derived from photographs of the oscilloscope traces, yielded the 

values of T̂ . * 

5.3 Results 

Measurements have been made on 

di f f e r e n t transitions i n a selection of ruby and sapphire specimens 

the relaxation behaviour of which had been previously examined by 

the pulse saturation technique (11), (12). Figure 3 shows three 

of the semi-logarithmic graphs obtained by the pulse response 
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Figure 3. 
Relaxation data derived from pulse response 

traces 
-3/2 to -1/2 t r a n s i t i o n , 0.2% Cr ruby. T-, » 12.0 msec. 
-1/2 to +1/2 t r a n s i t i o n , 0.052% Cr ruby. a 24.5 msec. 
-1/2 to +1/2 t r a n s i t i o n , 0.2% Cr ruby. » 3.5 msec. 
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method and their l i n e a r i t y shows that an exponential decay was 

being observed. A comparison of the pulse response and pulse 

saturation data i s made i n figure k. Over a range of relaxation 

times from 1 msec to 35 msec the agreement between the two methods 

i s within the experimental error of about Vy$>. The energy level 

nomenclature follows the notation of Schultz - du Bois (13). 

5<A Important points of experimental technique 

I n order to make effective pulse 

response measurements several experimental parameters require 

close control. The most important of these are. frequency deviation 

and amplitude sag during the RF pulse, bridge balancing and the 

choice of receiver. These are considered below. 

5 o ^ o l The pulsed klystron 

During the EF pulse the klystron 

frequency must remain constant to within a fr a c t i o n of the 

linewidth of the t r a n s i t i o n under investigation. Grid modulation 

generally produces some frequency deviation and the characteristics 

of two diff e r e n t makes of klystron were investigated to fi n d the 

magnitude of any frequency deviation present. The f i r s t was a 

35 Gc/s refl e x klystron type R5146 (E.M.I.) used i n conjunction 

with a power supply type WE 80 (hicrowave Instruments). The 



Relaxation time at 
Sample Ion and 3 5 . 5 Gc/s. (msec) 

t r a n s i t i o n Pulse Pulse 
response saturation 

F e 3 + 

1 / 2 to - 1 / 2 1 . 1 0 . 9 5 

HI 
C r 3 + 

1 / 2 to - 1 / 2 5 - 9 5 . 7 

Cr 3 + 

G2A 1 / 2 to - 1 / 2 2 0 . 0 2 2 . 0 

C r 3 + 

3 3 7 A 1 / 2 to - 1 / 2 24.5 2 ^ . 0 

C r 3 + 

- 1 / 2 to - 3 / 2 2 5 - 3 2 8 . 4 

L2 1 / 2 to - 1 / 2 3 5 - 0 3 7 . 3 

3 / 2 to 1 / 2 1 9 . 1 1 7 . 6 

C r 3 + 

- 1 / 2 to - 3 / 2 1 2 . 0 1 3 . 0 

3 5 ^ 1 / 2 to - 1 / 2 3 . 5 h.o 
3 / 2 to 1 / 2 7 . 8 6 , 8 

Fe 3 + 

SI - 1 / 2 to - 3 / 2 3 o 7 2 . 0 

1 / 2 to - 1 / 2 2 . 2 1 . 9 

Figure k. 
Comparison of the relaxation time results obtained 
from the same specimens by the pulse response and 
the pulse saturation techniques. A l l measurements 
taken at a polar angle of 9 0 and at a temperature 
of 4.2°K. 
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R5146 klystron g r i d c h a r a c t e r i s t i c s 
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8RK19 klystron g r i d c h a r a c t e r i s t i c s 
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strongest CW operating mode was selected and, with the refl e c t o r 

voltage constant, the RF power output and frequency were measured 

as functions of the grid-to-catnode voltage, the results being 

shown i n figure 5» The power rises gradually from zero and i t s 

varia t i o n becomes linear as the normal CW operating point at 

-120 volts i s reached; the frequency f a l l s l i n e a r l y by some 50 Mc/s 

This procedure was repeated with a second klystron, type 8RK19 

( E l l i o t t ) , again used with the WE 80 power supply. These 

characteristics are shown i n figure 6 . Oscillation begins suddenly 

at a g r i d voltage of ~k0 volts. The power then rises l i n e a r l y to 

the CW operating point at -30 v o l t s , the frequency remaining 

constant. The threshold value of the power output, measured on a 

thermMtaJr-toMfge, -was '3-ttiW. Btwva closer. oxnaaiiMtian^of .k&e 

threshold the power output was displayed on an oscilloscope 

while the timebase sawtooth voltage was applied to the klystron 

grid. This g.ive a characteristic identical to figure 6 and showed 

that the switching time of the 8RK19, at -̂ fO volts, was 0.3 jujsec, 
independent of the slope of the input sawtooth. Voltage pulses 

with a risetime of 10 nsec were then applied to the grid. The RF 

pulse risetime remained at 0„3 yusec, showing that the switching 

was i n i t i a t e d only by the lev e l of the input signal. Under pulse 
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conditions no frequency deviation was detectable and the 

characteristics of the wavemeter used suggested that any deviation 

present was much less than 5 Mc/s. 

The marked variation i n the 

performance of the two klystrons appears to arise from differences 

i n t h e i r mechanical construction and electron-optical properties (1^). 

' f i t h the 8RK19 t^e g r i d pulse necessary to produce 3 m>J of RF 

pulse power was about 8 v o l t s . Larger volatge pulses produced 

larger RF powers, but with f r a c t i o n a l l y greater frequency deviation. 

The input pulses were obtained from a commercial pulse generator 

(Solartron type GO 1 1 0 1 ) and i n order to maintain a 10"'. duty 

cycle when using pulse lengths of about 8 0 msec, a separate 

transistor multivibrator was constructed having two preset 

periods, one of 1 2 0 msec and the other of 7 2 0 msec. The f i r s t was 

used for i n i t i a l adjustments because i t produced a more acceptable 

trace for prolonged viewing, and the second was used for the 

actual measurement.-TUis muliivib'rAtw wa"s itfeed^tottaigger the 

pulse generator. With RF pulse lengths i n excess of 8 0 msec 

amplitude sag during the pulse became very large; t h i s arises 

from the resistance-capacitance coupling between the modulation 

input socket on the power supply and the klystron grid. However, 
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t h e 8 0 msec upper l i m i t o f p u l s e l e n g t h was q u i t e adequate f o r 

th e p r e s e n t measurements i n whic h r e l a x a t i o n t i m e s up t o 3 5 msec 

have been observed. For m a t e r i a l s w i t h l o n g e r r e l a x a t i o n t i m e s a 

g r e a t e r RF p u l s e l e n g t h would be necessary. 

5 . ^ . 2 B r i d g e b a l a n c i n g 

I n b o t h the c o n v e n t i o n a l p u l s e 

s a t u r a t i o n and t h e p u l s e response t e c h n i q u e t h e accura c y o f 

r e l a x a t i o n t i m e measurement depends upon t h e accuracy t o which 

t h e microwave b r i d g e can be bala n c e d . This i s u s u a l l y c a r r i e d o u t 

by means o f a s l i d e - s c r e w t u n e r , a phase s h i f t e r - a t t e n u a t o r 

c o m b i n a t i o n o r , as i n t h e p r e s e n t work, an E - H t u n e r , The 

e x p e r i m e n t a l procedure f o r b a l a n c i n g i n t h e p u l s e response method 

i s i d e n t i c a l t o t h a t used i n o t h e r methods. An i m p o r t a n t f e a t u r e , 

however, i s t h a t any unbalance i s i m m e d i a t e l y v i s i b l e . The k l y s t r o n 

o p e r a t e s i n i t s p u l s e d mode and t h e pulse s r e f l e c t e d f r o m t h e 

specimen assembly a re d i s p l a y e d on t h e o s c i l l o s c o p e . The b r i d g e i s 

b a l a n c e d by a d j u s t i n g t h e E and H p i s t o n s u s i n g t h e method 

suggested by C u l l e n ( 1 5 ) . At t h e balance p o i n t t h e p u l s e s d i s a p p e a r 

c o m p l e t e l y f r o m t h e d i s p l a y . A s m a l l a m p l i t u d e unbalance i s t h e n 

i n t r o d u c e d t o s e l e c t t h e a b s o r p t i o n component on resonance. As 

t h i s unbalance i s i n t r o d u c e d t h e p u l s e reappears on the d i s p l a y , 
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b u t i t always has a cu r v e d t o p . T h i s i n d i c a t e s t h a t phase 

unbalance has a l s o been i n t r o d u c e d . The E - H t u n e r i s designed 

t o reduce t o a minimum t h e i n t e r a c t i o n between phase and a m p l i t u d e 

a d j u s t m e n t s ; t h i s s l i g h t i n t e r a c t i o n becomes n o t i c e a b l e i n t h e 

p u l s e response method- The p u l s e c u r v a t u r e can be removed by a 

v e r y s m a l l a d j u s t m e n t o f t h e phase p i s t o n o f t h e S - H t u n e r . Thus 

t h e p u l s e response method a l l o w s v e r y a c c u r a t e b r i d g e b a l a n c i n g 

and e q u a l l y a c c u r a t e compensation f o r the i n t e r a c t i o n between t h e 

phase and a m p l i t u d e a d j u s t m e n t s . 

5 o ^ « 3 RF sag compensation 

Since t h e p u l s e response measurement 

i s o f t h e change o f a b s o r p t i o n w i t h time i t i s i m p o r t a n t t h a t t h e 

RF a m p l i t u d e s h o u l d be c o n s t a n t t h r o u g h o u t t h e p u l s e . W i t h t h e 

c i r o u i t r y used h e r e , a l i t t l e p u l s e sag arose because o f t h e 

r e s i s t a n c e - c a p a c i t a n c e c o u p l i n g t o t h e k l y s t r o n g r i d . T h i s was 

compensated i n t h e d i s p l a y by u s i n g a d i f f e r e n t i a l a m p l i f i e r , 

shown i n f i g u r e 1 . The RF p u l s e , w h i c h i s d i s p l a y e d on t h e p u l s e 

waveform m o n i t o r , i s f e d t o one i n p u t of the d i f f e r e n t i a l 

a m p l i f i e r and t h e c r y s t a l - v i d e o r e c e i v e r o u t p u t t o t h e o t h e r . 

O f f resonance t h e a m p l i f i e r a c c e p ts p u l s e s o f t h e same shape a t 

b o t h i n p u t s and i f t h e r e f e r e n c e p u l s e i s a d j u s t e d t o be t h e same 
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a m p l i t u d e as t h e r e c e i v e r o u t p u t p u l s e , t h e two p u l s e s c a n c e l 

e x a c t l y and t h e d i s p l a y i s a s t r a i g h t l i n e . The s t a r t and f i n i s h 

o f t h e p u l s e a r e i n d i c a t e d by s w i t c h i n g t r a n s i e n t s which are 

u s u a l l y q u i t e s m a l l . A l t h o u g h any magnitude o f sag can be 

compensated i n t h i s way t h e d i f f e r e n t i a l a m p l i f i e r t e c h n i q u e i s 

n o t recommended f o r sags exceeding about 5A> because t h e RF 

a m p l i t u d e v a r i a t i o n a f f e c t s t h e r e l a x a t i o n processes, t h e r e s u l t s 

o f w h i c h cannot be removed by s i m p l e a l g e b r a i c s u b t r a c t i o n . 

5.4.4 The c r y s t a l - v i d e o r e c e i v e r 

For r e l a x a t i o n s t u d i e s on r u b y a t 

l i q u i d h e l i u m t e m p e r a t u r e s a c r y s t a l - v i d e o r e c e i v e r i s w e l l 

s u i t e d f o r t h e p u l s e response t e c h n i q u e ; h i g h s e n s i t i v i t y i s n o t 

o f prime importance and t h e s i g n a l s are a t l e a s t 1 0 dB above 
3 

peak n o i s e w i t h specimen volumes o f about 0 . 1 cm . The t e c h n i q u e 

does n o t r e q u i r e a r e c e i v e r w i t h a l a r g e dynamic range so t h a t 

r e l a t i v e l y l a r g e g a i n can be combined w i t h good p u l s e h a n d l i n g 

c a p a b i l i t y . The r e c e i v e r i s always w o r k i n g w e l l w i t V d n i t s 

s p e c i f i c a t i o n and t e s t s made on i t s p u l s e performance showed no 

d e t e c t a b l e t r a c e s o f o v e r s h o o t , r i n g i n g or sag. i f g r e a t e r 

s e n s i t i v i t y s h o u l d be r e q u i r e d , a superheterodyne r e c e i v e r c o u l d 

be used. 
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5 . ' + . 5 A l t e r n a t i v e p u l s i n g systems 

G r i d m o d u l a t i o n o f t h e k l y s t r o n 

i s o n l y s u i t a b l e as a method f o r o b t a i n i n g RF p u l s e s i f t h e 

l i n e w i d t h o f t h e t r a n s i t i o n under o b s e r v a t i o n i s s e v e r a l t i m e s 

t h e magnitude o f t h e f r e q u e n c y d e v i a t i o n d u r i n g the p u l s e . I n 

t h e p r e s e n t e x p e r i m e n t s t h e l i n e w i d t h s are about 9 0 Mc/s o v e r a l l 

and t h e f r e q u e n c y d e v i a t i o n i s l e s s t h a n 5 Mc/s; g r i d m o d u l a t i o n , 

t h e r e f o r e , i s q u i t e s a t i s f a c t o r y . For m a t e r i a l s h a v i n g s m a l l 

l i n e w i d t h s i t i s p r e f e r a b l e t o o p e r a t e the k l y s t r o n i n t h e CW 

mode and use an a l t e r n a t i v e method o f p r o d u c i n g RF p u l s e s . The 

s w i t c h i n g p r o p e r t i e s o f microwave diodes a r e w e l l known ( 1 6 ) , ( 1 7 ) , 

and a r e o u t l i n e d i n Chapter 3 and Chapter k. The most i m p o r t a n t 

parameter o f t h e di o d e i n t h i s c o n t e x t i s t h e dependence o f t h e 

ON/OFF r a t i o upon t h e i n c i d e n t RF power. A 3 0 dB r a t i o i s p o s s i b l e 

f o r powers below about 1 mW. T h i s ought t o be a s u f f i c i e n t 

i s o l a t i o n f o r use i n t h e p u l s e response method i f t h e diode i s 

p l a c e d between t h e a t t e n u a t o r and t h e h y b r i d T. A s o l e n b i d - o p e r a t e d 

f e r r i t e s w i t c h ( 1 8 ) c o u l d be used b u t would r e q u i r e a l a r g e 

s w i t c h i n g c u r r e n t and, because o f i t s s e l f i n d u c t a n c e , would have 

a much s l o w e r s w i t c h i n g t i m e t h a n b o t h the diode and t h e k l y s t r o n . 

An a l t e r n a t i v e approach t o t h e problem 
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i s t o r u n t h e k l y s t r o n i n t h e GW mode and t o p u l s e t h e magnetic 

f i e l d f r o m w e l l below resonance t o e x a c t l y on resonance, u s i n g a 

s m a l l , l o w - i n d u c t a n c e a u x i l i a r y c o i l . S w i t c h i n g t i m e l i m i t a t i o n s 

and c u r r e n t r i n g i n g a r e p o s s i b l e disadvantages o f t h i s method b u t 

f o r s t u d y i n g narrow resonances t h e c o i l i n d u c t a n c e and t h e d r i v i n g 

c u r r e n t c o u l d p r o b a b l y be k e p t s u f f i c i e n t l y s m a l l f o r magnetic 

f i e l d p u l s i n g t o be p r e f e r a b l e t o k l y s t r o n p u l s i n g . Magnetic f i e l d 

p u l s i n g has been a t t e m p t e d on t h e p r e s e n t s p e c t r o m e t e r b u t t h e 

c o u p l i n g between t h e a u x i l i a r y c o i l and t h e s u p e r c o n d u c t i n g 

s o l e n o i d was t i g h t enough f o r t h e s w i t c h i n g c u r r e n t s i n t h e 

a u x i l i a r y c o i l t o in d u c e c u r r e n t surges i n t h e s o l e n o i d which were 

l a r g e enough t o d r i v e i t n o r m a l . However, t h e method s h o u l d be 

f e a s i b l e w i t h c o n v e n t i o n a l e l e c t r o m a g n e t s where t h e c o u p l i n g 

between t h e a u x i l i a r y c o i l and t h e f i e l d w i n d i n g s can be v e r y 

l o o s e and where t h e r e a r e no problems of s u p e r c o n d u c t i v i t y quenching. 

5 . ^ . 6 D i r e c t c o u p l i n g t o the k l y s t r o n g r i d 

For those measurements where k l y s t r o n 

p u l s i n g i s t h e b e s t method i t i s p r o b a b l y w o r t h t h e e x t r a t r o u b l e 

t o p r o v i d e some fo r m o f d i r e c t c o u p l i n g t o t h e k l y s t r o n g r i d i n 

o r d e r t o be a b l e t o produce any l e n g t h of EF p u l s e w i t h o u t any 

sag. The obvious way t o do t h i s i s t o b u i l d i n t o t h e k l y s t r o n 



— o-

Pulse Input 

-3 kV 

8.2K 

=b 0.1/ 

=b 0.1> 

z 1 0 A =fc 0.1^ 
> ii 

500K 

1M 

-° to klystron 
g r i d 

Figure 7. 

-o to klystron 
cathode. 

Zener diode, c i r c u i t 



5 ° 1 7 

power supply a t r a n s i s t o r monostable c i r c u i t having a wide range 

of pulse lengths. The output of the c i r c u i t would need t o supply 

the 8 v o l t pulses necessary to operate the valve, and would be 

connected d i r e c t l y between the cathode and the g r i d . The c i r c u i t 

would be most conveniently operated by small b a t t e r i e s mounted, 

w i t h the c i r c u i t , i n s i d e the power supply u n i t . Good o v e r a l l 

i n s u l a t i o n would be necessary because tiie e n t i r e c i r c u i t would be 

f l o a t i n g at - 2 kV, but t h i s should not be d i f f i c u l t . The coarse 

and f i n e pulse l e n g t h potentiometer shafts would be brought out 

t o the f r o n t panel by means of extension rods made of t u f n o l or 

b a k e l i t e . The only s i g n a l required by the monostable c i r c u i t 

would be a t r i g g e r i n g pulse supplied from an extern a l source. 

A c o a x i a l socket mounted on the k l y s t r o n power supply would be 

needed f o r t h i s purpose, the DC blocking condenser between t h i s 

and the monostable i n p u t being at l e a s t 2 . 5 kV working. 

Another method of achieving d i r e c t 

coupling to the k l y s t r o n g r i d has been suggested ( 1 9 ) . This i s a 

very elegant method and uses Zener diodes; the basic c i r c u i t i s 

shown i n f i g u r e 7 . The 2 kV p o t e n t i a l on the g r i d i s bridged to 

earth by a chain of ten 2 0 0 - v o l t Zener diodes. The pulse i n p u t 

i s a t the earthy end of the chain, across the 8 . 2 K. ohm r e s i s t o r . 
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I f a negative pulse ( w i t h respect t o earth) i s applied at the 

i n p u t the current down the chain i s increased but, because a l l 

the diodes are reverse biased t o Zener breakdown, the voltage at 

the k l y s t r o n g r i d i s unaffected. I f a p o s i t i v e pulse i s applied 

at the in p u t i t t r a v e l s along the chain v i r t u a l l y unattenuated 

and reaches the k l y s t r o n g r i d . Thus, although the Zener chain i s 

used to step down the voltage on the g r i d , i t w i l l act as a d i r e c t 

coupling t o the g r i d f o r p o s i t i v e signals o r i g i n a t i n g at the 

earthy end of the chain. The bleeder current through the diodes 

i s about 1 mA and the bypass condensers counteract the poor 

high-frequency response of the Zener diodes. The condensers are 

a l l of the same value and are chosen to give a good pulse shape 

at the g r i d . Some minor modif i c a t i o n s to the k l y s t r o n power 

supply would be necessary, i n c l u d i n g the disconnection of the 

e x i s t i n g g r i d supply and the f i t t i n g of the p r o t e c t i o n diodes t o 

prevent the g r i d becoming p o s i t i v e with respect t o the cathode. 

The g r i d supply i s then derived from the 3 kV power pack feeding 

the Zener chain, the potentiometer g i v i n g c o n t r o l of the g r i d b i a s . 

5 . 5 Discussion 

The r e s u l t s given above show t h a t 

when the pulse response method can be used as an a l t e r n a t i v e t o 



5 . 1 9 

the conventional pulse s a t u r a t i o n technique comparable accuracies 

can be obtained. There are three s a l i e n t features of the new 

method which i n f l u e n c e i t s range of a p p l i c a b i l i t y ; microwave 

powers i n the microwatt; region are adequate because the response 

of the s p i n system t o a small disturbance i s being observed; 

r e s u l t i n g from t h i s there i s no need f o r receiver suppression 

( s e c t i o n ^.k) during the pulse; the nature of the optimum RF pulse 

required i s determined by the l i n e w i d t h and r e l a x a t i o n time of 

the t r a n s i t i o n being studied. 

I n the centimetric wavelength region 

the pulse s a t u r a t i o n method i s w e l l established and a number of 

valves g i v i n g s u f f i c i e n t power f o r s a t u r a t i o n are r e a d i l y a v a i l a b l e . 

The pulse response method o f f e r s a simpler a l t e r n a t i v e , i t s 

advantage l y i n g i n i t s p o t e n t i a l f o r short time r e s o l u t i o n . I n 

the pulse s a t u r a t i o n method the r e c e i v e r i s normally suppressed 

during the pulse and t h i s leads t o a dead time ( o f t e n of about 

lO^tsec) at the beginning of the exponential recovery to 

e q u i l i b r i u m ; l a r g e inaccuracies can thus a r i s e i n the measurement 

of r e l a x a t i o n times of the same order as the dead time. I n the 

c e n t i m e t r i c region, however, a number of RF switching diodes are 

a v a i l a b l e and can be used w i t h the pulse response technique. 
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Several of these have nanosecond risetimes and, i f used i n 

conjunction w i t h a GW frequ e n c y - s t a b i l i s e d k l y s t r o n , should enable 

very short RF pulses of constant amplitude and frequency to be 

obtained. This should f a c i l i t a t e studies of short r e l a x a t i o n times, 

f o r example i n the r e s o l u t i o n of f a s t exponentials i n cross-

r e l a x a t i o n and i n d i r e c t measurements on f a s t - r e l a x i n g centres. 

The power l e v e l r e q u ired i n the pulse response technique i s w e l l 

below the d i s s i p a t i o n l i m i t of the switching diodes and the 

c o n t r o l of RF pulse shape a v a i l a b l e should also enable measurements 

to be made on materials having a very narrow l i n e w i d t h . 

At m i l l i m e t r i c wavelengths the 

s i t u a t i o n i s r a t h e r d i f f e r e n t i n t h a t diode switches are not 

r e a d i l y a v a i l a b l e a t or above 3 5 Gc/s. Voltage modulation ( e i t h e r 

of a k l y s t r o n or of a backward-wave o s c i l l a t o r ) appears t o be the 

only method f o r producing RF pulses and t h i s l i m i t s the range of 

mat e r i a l s which can be examined to those having o v e r a l l l i n e w i d t h s 

of a t l e a s t 3 0 Mc/s and r e l a x a t i o n times greater than about 0 . 5 msec 

at ti.2°Ko As Chapter 7 shows, the low power requirement of the 

pulse response method enables harmonic generation t o be used t o 

extend the measurement range t o the shorter m i l l i m e t r i c wavelengths 

where the few valves a v a i l a b l e which give s u f f i c i e n t power f o r 



5 . 2 1 

pulse s a t u r a t i o n are extremely c o s t l y . This technique should 

enable studies on the frequency and magnetic f i e l d dependence 

of r e l a x a t i o n time t o be made over a large range, as Chapter 7 

shows. The use of a superconducting magnet can, however, create 

some c r y o s t a t design problems i f measurements arc required a t 

temperatures above 'f.2°K. 
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Chapter 6 

The 7 0 Gc/s Single - K l y s t r o n Superheterodyne Spectrometer 

Because of the very low power l e v e l requirement f o r 

a l o c a l o s c i l l a t o r s i g n a l i n the 35 Gc/s s i n g l e - k l y s t r o n superhet 

i t was decided t o t r y and operate a 7 0 Gc/s superhet working on 

the same general p r i n c i p l e . Power could be derived by harmonic 

.generation from 3 5 Gc/s and a 7 0 Gc/s diode could be used as a 

sideband generator e i t h e r i n a r e f l e c t i o n or a transmission mode. 

The harmonic generator a v a i l a b l e f o r t h i s work was manufactured 

by Microwave Instruments L t d . , and consisted of a microwave diode 

i n a transmission mount followed by a 35 to 7 0 Gc/s taper a c t i n g 

as a high-pass f i l t e r . 

6 „ 1 The harmonic generator 

There are fou r main types of 

microwave harmonic generator, each type being characterised by 

the nature of the non-linear element used. The f i r s t and commonest 

type i s the microwave diode ( 1 ) , the n o n - l i n e a r i t y of which i s 

described i n Chapter 4 . The second type uses a discharge i n an 

i n e r t gas at pressures up t o about ^ 0 mm of mercury ( 2 ) , ( 3 ) , ( ^ ) « 

The t h i r d type uses a high-pressure mercury arc over a small gap 

between a tungsten wire and a mercury pool cathode ( 5 ) , ( 6 ) . 

Extensions of t h i s method using s o l i d platinum and calcium as 
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cathode have also been successful ( 7 ) , ( 8 ) , F e r r i t e s have also 

been used as mixers and harmonic generators. These are considered 

b r i e f l y i n s e c t i o n 6 „ 6 . 

The microwave diode harmonic generator 

only w i l l be considered i n d e t a i l as i t i s the type which i s used 

i n the present work. I f the diode i s connected t o a load 

re s i s t a n c e , current flows through the c i r c u i t due to the presence 

of the microwave f i e l d . Using the same sort of analysis as t h a t 

which l e d to equation ( 1 0 ) i n Chapter 4 i t can be shown t h a t 

harmonics of the microwave frequency are generated, t h e i r i n t e n s i t y 

depending upon the curvature of the diode c h a r a c t e r i s t i c . The 

apparatus used t o produce 7 0 Gc/s power from a 3 5 Gc/s r e f l e x 

k l y s t r o n i s shown i n f i g u r e 1 . The phase s h i f t e r acts as a 

matching device between the k l y s t r o n and the diode and has been 

found t o be very e f f e c t i v e i n incr e a s i n g the e f f i c i e n c y of second 

harmonic generation. The fundamental frequency i s not propagated 

more than a few m i l l i m e t r e s i n the higher frequency waveguide; i t 

forms an evanescent mode and i s h e a v i l y attenuated. 

6 . 2 Sideband generation 

I t was o r i g i n a l l y intended to 

generate the V? Mc/s sidebands by using a 7 0 Gc/s diode i n a 
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s i m i l a r way t o the transmission c r y s t a l modulator i n the 35 Gc/s 

ve r s i o n . However, examination of equation ( 1 0 ) i n Chapter *f shows 

t h a t the frequencies 2:o , 2u> + '.o , 2w - io are generated by the 
c c s c s 

modulator, and as these are the frequencies required f o r 7 0 Gc/s 

operation, i t was decided t o b u i l d a complete 70 Gc/s 

superheterodyne spectrometer using a single 3 5 Gc/s r e f l e x 

k l y s t r o n and the transmission c r y s t a l modulator. Figure 2 shows 

the component la y o u t . The load resistance of the diode i s replaced 

by the V? Mc/s modulation source. This must a l t e r the conversion 

e f f i c i e n c y t o the second harmonic since i t had been found w i t h 

the apparatus of f i g u r e 1 t h a t the second harmonic power could be 

v a r i e d over a range of some 3 dB by a l t e r i n g the load r e s i s t o r , 

maximum power being produced w i t h a 1 0 0 ohm load. This observation 

i s i n agreement w i t h t h a t of Anderson ( 9 ) . Open-circuiting the 

diode reduced the harmonic power by about 1 . 5 dB; t h i s would 

appear t o be i n d i r e c t disagreement with the mathematical proof 

by Page ( 1 0 ) t h a t harmonic generation i s impossible unless there 

i s some DC d i s s i p a t i o n . The operation of t h i s diode under 

cond i t i o n s of i n f i n i t e e x t e r n a l load must be a t t r i b u t a b l e t o 

some leakage paths i n the diode c a r t r i d g e or mounting block. 

Connecting the EF s i g n a l generator t o the diode produced a 
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2 . 5 <3B drop r e l a t i v e t o the harmonic power w i t h the 1 0 0 ohm load. 
Attempts were made to e f f e c t an improved impedance match between 
the s i g n a l generator and the diode, but the f i g u r e of 2 . 5 dB 
could not be reduced. 

6 . 3 The balanced mixer 

No 7 0 Gc/s balanced mixers are 

a v a i l a b l e i n t h i s country so a "laboratory equivalent 1 1 was 

assembled, using a matched magic T and two tunable c r y s t a l 

d e t e ctors. To tune the detectors each was put i n t u r n on one of 

the H-plane arms of the T, the opposite arm being terminated i n 

a matched load and 7 0 Gc/s power at the working frequency fed t o 

the j u n c t i o n through the t h i r d H-plane arm. Having tuned each 

det e c t o r , the tuner adjustment was locked. 

The c r y s t a l s i n the detector 

mounts are of the same p o l a r i t y so tha t i n order t o add the IF 

si g n a l s which are i n antiphase a t the c r y s t a l s , a push-pull input 

transformer had t o designed t o feed the g r i d of the f i r s t valve 

of the I F a m p l i f i e r . This i n p u t c i r c u i t i s shown i n f i g u r e 3 ° 

The inductances t o provide the low resistance DC path f o r the 

c r y s t a l currents ( s e c t i o n 4 . 5 . 1 ) are as fo l l o w s ; 

L and L, - V? turns of k0 SWG wire on a 0 . 2 5 inch diameter 
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p a x o l i n former„ The number of turns i s adjusted t o give s e l f -

resonance at ^ 5 Mc/so 

L» and L - 8 0 turns of ^ 6 SWG wire on a 0 6 2 5 inch diameter 
2 3 

p a x o l i n former. The number of turns i s adjusted t o give s e l f -

resonance at k^> Mc/so 

L,. primary - 6 turns of 2k SWG wire on a 0 . 8 7 5 inch diameter 
5 

polystyrene former. The winding i s centre-tapped. 

L,_ secondary i s wound on the primary winding and i s 9 turns 

of 2k SWG wire. L i s tuned t o k1} Mc/s under operating conditions 

by means of the 5 pF trimmer. 

6 . ^ The IF a m p l i f i e r 

This i s i d e n t i c a l i n design t o the 

a m p l i f i e r used on the 3 5 Gc/s version. I t i s a completely 

conventional design, the f i r s t two stages being a cascode c i r c u i t . 

6 . 5 Operation 

Using the equipment shown i n f i g u r e 2 , 

t e s t s were c a r r i e d out while feeding a ^5 Mc/s c a r r i e r , J>0% 

amplitude modulated at ^+00 c/s, i n t o the transmission c r y s t a l 

modulator. A r a t h e r noisy ^ 0 0 c/s si g n a l was immediately obtained 

a t the superhet output. The 7 0 Gc/s output was then maximised 

by adjustment of the phase s h i f t e r and by t r y i n g d i f f e r e n t 
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h i g h - q u a l i t y tungsten-germanium diodes as modulators. A v a r i a t i o n 

of some 6 dB i n harmonic power was produced by a d j u s t i n g the 

p o s i t i o n of the diode c a r t r i d g e i n s i d e the mounting block. 

Maximum output was never achieved w i t h the c a r t r i d g e seated 

pr o p e r l y i n the mount. A Mullard GEM 9 diode was found to give 

the highest harmonic power. 

There was some pick-up of Mc/s 

s i g n a l by the superhet due t o s l i g h t r a d i a t i o n from the modulator; 

t h i s was some 2 0 dB down on the maximum " t r u e " s i g n a l and could 

be reduced t o zero by c a r e f u l o r i e n t a t i o n of the I F a m p l i f i e r . 

A l l the components of the spectrometer functioned normally. 

Removing the l o c a l o s c i l l a t o r supply by means of the attenuator 

k i l l e d the IF sig n a l s completely, showing t h a t t r u e 

superheterodyne a c t i o n was being observed. The ^ 0 0 c/s component 

was removed from the modulator s i g n a l and the k l y s t r o n was g r i d -

modulated by a 1 0 0 0 c/s square wave. This produced complete ON/OFF 

swit c h i n g of the k l y s t r o n (see Chapter 5)» Very good signals were 

obtained at the superhet output and again were c o r r e c t l y dependent 

upon bridge balance and l o c a l o s c i l l a t o r l e v e l . However, the best 

si g n a l - t o - n o i s e r a t i o which could be produced on t h i s s i g n a l was 

about 1 0 dB w i t h the microwave bridge almost completely unbalanced. 



6.7 

This f i g u r e of 10 dB thus represented the highest r a t i o possible. 

This was v e r i f i e d by a t r i a l run at l i q u i d helium temperature 

w i t h a good ruby specimen. No absorption l i n e s were v i s i b l e ; the 

noise l e v e l was too high. Largest outputs from the superhet were 

obtained w i t h no a t t e n u a t i o n i n the l o c a l o s c i l l a t o r s i g n a l ; t h i s 

i n d i c a t e d t h a t the power l e v e l of t h i s s i g n a l was not yet large 

enough f o r e f f i c i e n t mixer operation. Note th a t a 6 dB 

d i r e c t i o n a l coupler i s used t o e x t r a c t the l o c a l o s c i l l a t o r 

power, compared w i t h a 3 dB coupler on the 35 Gc/s spectrometer. 

The e f f e c t of t h i s i s t o increase the spectrometer s i g n a l and t o 

reduce the l o c a l o s c i l l a t o r power. No 3 dB couplers are yet 

a v a i l a b l e at 70 Gc/s. The next requirement t h e r e f o r e , was f o r 

greater l o c a l o s c i l l a t o r power t o be achieved by more e f f i c i e n t 

45 Mc/s sideband generation, and r a i s i n g the question of diode 

c h a r a c t e r i s t i c s again. I t was decided to f i n d out how much power 

was present a t the second harmonic sidebands of the modulation 

frequency, t h a t i s at the frequencies 2u> + 2 <> (equation (10), 
C "*"" s 

Chapter 4). To do t h i s the d r i v e frequency to the transmission 

c r y s t a l modulator was reduced t o 22.5 Mc/s, the r e s t of the 

system remaining unaltered. Under these conditions the superhet 

output signals were at l e a s t 6 dB up on the best of the previous 
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s i g n a l s . This r e s u l t i s very i n t e r e s t i n g ; subharmonic mixing, 

as i t i s c a l l e d , i s w e l l known ( 1 1 ) but i t has always been thought 

much less e f f i c i e n t than fundamental mixing. This may be a sp e c i a l 

case, because the frequencies involved i n t r u e subharmonic mixing 

are o and a> + 2 <•'•' «, The presence of these frequencies i n c c — s 
the 35 Gc/s s i g n a l s has been observed i n section ^f.lO, but the 

i n t e n s i t y of the harmonic sidebands o> + 2 -o i s very low. The 
C "™" s 

observed phenomenon of the i n t e n s i t y of the 2 mixer product 
s 

being greater than the to product oould be explained i f the 
s 

sideband production and the harmonic generation took place 

separately and i n t h a t order, but i n t h a t case the r e s u l t a n t 

s i g n a l would be a 70 Gc/s c a r r i e r amplitude modulated at 90 Mc/s 

and having no V? Mc/s component. This does not agree w i t h 

observation and thus cannot be a v a l i d analogy. To i n v e s t i g a t e 

t h i s anomaly f u r t h e r the ^5 Mc/s i n p u t t o the modulator was 

replaced by a *f00 c/s s i g n a l of the same amplitude and the 

s i g n a l obtained from a 70 Gc/s c r y s t a l detector f o l l o w i n g the 

modulator was fed i n t o an oscilloscope and i n t o a Marconi audio 

frequency analyser. The audio output s i g n a l from the detector 

was predominantly an 800 c/s o s c i l l a t i o n ; t h i s could be seen 

from the oscilloscope d i s p l a y . The frequency analyser showed 
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t h a t the component at 800 c/s was nearly 3 dB above the 

fundamental ^00 c/s component. The t h i r d and f o u r t h harmonics 

were both 30 dB down on the fundamental. Experimental 

observations such as these can never be explained by mathematical 

analyses i n v o l v i n g the use of a power series f o r the diode 

c h a r a c t e r i s t i c because such s e r i e s (when used i n t h i s context) 

w i l l always be convergent and the second harmonic i n t e n s i t y w i l l 

never be greater than t h a t of the fundamental. At present, the 

problem remains unsolved. H a l l and Schumacher (12) have used 

simultaneous harmonic and sideband generation from 9 to 18 Gc/s 

w i t h 63 Mc/s sidebands using a mixer c r y s t a l but do not r e p o r t 

any experiments on subharmonic mixing. 

Using the present system w i t h 

22.5 Mc/s modulator d r i v e has proved successful i n t h a t 70 Gc/s 

resonances have been observed, as f i g u r e 4 shows, but the dominant 

fe a t u r e of the design which appears t o be preventing more 

a m p l i f i c a t i o n from being obtained i s the lack of l o c a l o s c i l l a t o r 

power. An i n t e r e s t i n g f eature of t h i s subharmonic mixing p r i n c i p l e 

i s t h a t there are no problems whatsoever over s t r a y modulator 

r a d i a t i o n being picked up by the superhet. 



Figure 4. 

An absorption signal as seen with the 70 Gc/s superhet 
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6.6 Frequency doubling i n f e r r i t e s 

The f o u r t h type of harmonic 

generator u t i l i s e s a f e r r i t e as the non-linear element. Mention 

of t h i s p a r t i c u l a r type has been l e f t u n t i l now because i t appears 

t h a t f e r r i t e frequency doublers can a t t a i n the maximum possible 

harmonic conversion e f f i c i e n c y . Page (10), i n h i s mathematical 

treatment of the generation of harmonics, showed t h a t the n'th 

harmonic cannot be generated w i t h an e f f i c i e n c y exceeding l / n . 

Thus the maximum conversion e f f i c i e n c y to the second harmonic i s 

»6 dB and t o the t h i r d i s -9-5 dB. Bearing these f i g u r e s i n mind, 

i t i s i n t e r e s t i n g t o compare the conversion e f f i c i e n c i e s of the 

various types of harmonic generator. I n the l i s t given below, 

the measured e f f i c i e n c y i s given a f t e r the harmonic number 

followed by the maximum e f f i c i e n c y , given in'brackets. 

(a) Diode; 2nd harmonic: -21 dB, (-6 dB), fundamental 35 Gc/s. 

(b) Discharge; 3rd harmonic: -35 dB, (-9»5 dB), fundamental 

3 Gc/s. 

(c) Arc; 9th harmonic: -90 dB, (-19dB), fundamental 35 Gc/s. 

(d) F e r r i t e ; 2nd harmonic: -6 dB, (-6 dB), fundamental 9 Gc/s. 

Types (b) and (d) require 

fundamental in p u t powers of several k i l o w a t t s ; type (c) requires 
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several watts, and type (a) operates below about 500 m i l l i w a t t s . 

F e r r i t e harmonic generators are described by Ayres et a l . ( l ^ ) , 

Douthett et a l . (15) 5 Jepsen (16), and Kelchor et a l . (17)° 

Reference (17) describes the device g i v i n g a -6 dB conversion 

e f f i c i e n c y t o the second harmonic, 

6.7 Suggestions f o r f u r t h e r work 

Subharmonic mixing appears to be a 

very a t t r a c t i v e p r o p o s i t i o n f o r t h i s design and there seems to 

be no reason why the system should not operate as successfully 

as i t s 35 Gc/s counterpart i f a 3 dii coupler could be used t o 

e x t r a c t the l o c a l o s c i l l a t o r power. One way of i n v e s t i g a t i n g t h i s 

problem would be t o reverse the two output connections from the 

6 dB coupler so t h a t more microwave power goes i n t o the l o c a l 

o s c i l l a t o r arm than goes i n t o the spectrometer arm. 

I t i s suggested t h a t the design 

be f u r t h e r i n v e s t i g a t e d w i t h the aim of reducing the conversion 

loss of the balanced mixer c r y s t a l s t o the intermediate frequency 

by applying an e x t e r n a l DC bias t o the mixer diodes (13)° This 

could be done by disconnecting the earthy ends of and and 

connecting them to a voltage supply s u f f i c i e n t to produce about 

0.5 mA forward bias t o each diode. This may help to o f f s e t the 

adverse e f f e c t s of low l o c a l o s c i l l a t o r power. 



7.1 

Chapter 7 

The Pulse Response Method at 70 Gc/s 

7«1 I n t r o d u c t i o n 

The pulse response method has been 

used w i t h great success at 70 Gc/s, microwave power being derived 

from the E l l i o t t 35 Gc/s r e f l e x k l y s t r o n by harmonic generation. 

The spectrometer i s shown i n f i g u r e 1. The harmonic generator i s 

a GEM 9 mixer c r y s t a l , p o sitioned i n the mount as described i n 

s e c t i o n 6.5 and working i n t o an external load resistance of 

100 ohms. The manufacturers of the harmonic generator quote a 

conversion loss of 27 dB to the second harmonic; thus, using the 

3 mW of a v a i l a b l e pulse power at 35 Go/s w i l l give 6yu>/ of pulse 

power a t 70 Gc/s. The spectrometer uses 70 Gc/s components 

throughout: the harmonic generator, waveguide tapers, magic T 

and detector were supplied by Microwave Instruments, L t d . , the 

E - H tuner, waveguide bends and matched load were supplied by 

Mid-Century Idcrowavegear, Ltd. 35 Gc/s s t a i n l e s s s t e e l waveguide 

was r e t a i n e d i n the c r y o s t a t and was fed w i t h 70 Gc/s power v i a 

a s e c t i o n of waveguide taper. 

7«2 Operation 

The operation of the spectrometer 

was i d e n t i c a l to the operation of the lower-frequency version 
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described i n Chapter 5« Signals from the c r y s t a l - v i d e o receiver 

were q u i t e large and w i t h very l i t t l e noise. Figure 2 shows a 

t y p i c a l d i s p l a y of an absorption l i n o , i n t h i s case a s p l i t 

l i n e , the two components j u s t overlapping. Pulse response traces 

were obtained very e a s i l y and were not too noisy. I f a source 

power of 6 y;.W i s assumed, the maximum possible power at the 

specimen i s 2 ̂uW and the maximum possible power at the detector 

i s l e ss than l^uW. However, pulse response traces such as t h a t 

shown i n f i g u r e 3 were obtained. 

7.3 R e s u l t s 

The pulse response technique has 

been used on many specimens and t r a n s i t i o n s which have already 

been examined a t 35 Gc/s using both the pulse response (1) and 

the pulse s a t u r a t i o n (2) technique. A complete t a b l e of a l l 

r e s u l t s i s given i n f i g u r e k. I t duplicates some of the i n f o r m a t i o n 

given i n Chapter 5i but d i r e c t comparison of r e s u l t s a t the two 

frequencies i s very i n t e r e s t i n g . The pulse s a t u r a t i o n r e s u l t s 

were obtained by Mason (3) and by Kirkby (h). The energy l e v e l 

nomenclature i s again t h a t of Schultz - du Bois (5). Relaxation 

time measurements were made on those specimens and t r a n s i t i o n s 

which had been i n v e s t i g a t e d at 35 Gc/s purely f o r the sake of 
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Figure 2. 

70 Gc/s absorption line display 
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assembling as complete a l i s t of parameters f o r each specimen 

as possible. 

7.^ Discussion of r e s u l t s 

(a) The ruby specimens G2A, 337A, 

and L2 are good q u a l i t y , i . e . , they contain n e g l i g i b l e q u a n t i t i e s 
3+ 

of paramagnetic ions other than Cr . The r e s u l t s f o r each 

t r a n s i t i o n are much smaller at 70 Gc/s than they are at 35 Gc/s. 

Excluding f o r the moment the +(1/2) t o -(1/2) t r a n s i t i o n i n 

specimen L2, the r e l a x a t i o n times at the higher frequency are 

smaller by f a c t o r s ranging from 7«5 t o 6.1. This corresponds t o 

a frequency dependence range of f to f and since magnetic 

f i e l d and frequency are l i n e a r l y r e l a t e d , the magnetic f i e l d 

dependence of r e l a x a t i o n time l i e s between H~^°^ and H~^°^. 

This i s a markedly slower dependence than t h a t predicted by 
-h -2 

Van Vleck (6) of H , and l i e s between the values of H~ f o r a 
-h 

non-Kramers s a l t (7) and H f o r a Kramers s a l t (7). Donoho (8) 

has given a t h e o r e t i c a l treatment of the dependence of r e l a x a t i o n 

time on polar angle and on magnetic f i e l d . I n order t o obt a i n a 

t r u e magnetic f i e l d dependence by experiment i t i s advisable to 

use very d i l u t e specimens (about 0.02/0 and t o take measurements 

at a polar angle of 0° where there i s least mixing of the spin 



Figure 3. 
A 70 Gc/s pulse response trace 

-1/2 to +1/2 t r a n s i t i o n , 0.052% Cr ruby at 4.2°K. T n s 3.2 msec. 



Relaxation time at Relaxation time at 
Sample Ion and 35.5 Gc/s. (msec) 71 Gc/s. 

t r a n s i t i o n Pulse Pulse (msec) 
response s a t u r a t i o n Pulse response 

Fe 3 +-
1/2"to -1/2 1.1 0.95 4.3 

HI 
C r 3 + 

1/2 t o -1/2 5.9 5.0 5.7 

C r 3 + 

G2A 1/2 t o -1/2 20.0 22.0 3.0 

C r 3 + 

337A 1/2 t o -1/2 Zk.5 2k.0 3.2 

C r 3 + 

-1/2 t o -3/2 25.3 28.4 4.2 
L2 1/2 t o -1/2 35.0 37.3 12.5 

3/2 t o 1/2 19.1 17.6 2.9 

C r 3 + 

-1/2 t o -3/2 12.0 15.0 -354 1/2 t o -1/2 3.5 4.0 3.1 
3/2 t o 1/2 7.8 6.8 -

F e 3 + 

SI -1/2 t o -3/2 3.7 2.0 -1/2 t o -1/2 2.2 1.9 -

Figure 4. 
Complete t a b l e of r e s u l t s , i n c l u d i n g the 71 Gc/s 
r e l a x a t i o n times. A l l measurements taken at a polar 
angle of 90 and a t a temperature of 4.2°K. 
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s t a t e s . Any c r o s s - r e l a x a t i o n (9) w i l l also mask the t r u e f i e l d 

dependence. A l l the t r a n s i t i o n s i n the L2 specimen had a lineshape 

s i m i l a r to t h a t of f i g u r e 2; the o v e r a l l width of the double 

l i n e corresponds approximately t o the o v e r a l l width of an u n - s p l i t 

Cr l i n e . The T^ measurements on the -(1/2) to -(3/2) and on the 

+ ( l / 2 ) t o +(3/2) t r a n s i t i o n s were made at a p o s i t i o n i n the centre 

of the o v e r a l l lineshape, but the measurement on the +(1/2) t o 

-(1/2) t r a n s i t i o n was made on the peak of the intense, narrow 

component and thus explains why the r e s u l t f o r t h i s t r a n s i t i o n 

i s d i f f e r e n t from the others. 

(b) Specimen 35^ i s a high 

concentration (0.2/o) ruby, and shows that the magnetic f i e l d 

dependence of r e l a x a t i o n time i s d r a s t i c a l l y modified f o r non-

d i l u t e systems. 

(c) Specimen HI i s doped w i t h almost 
3+ 3+ 

equal q u a n t i t i e s of Cr and Fe , forming a system i n which there 

i s very strong c r o s s - r e l a x a t i o n between the two paramagnetic io n s , 

again destroying the standard magnetic f i e l d dependences. 

Pulse s a t u r a t i o n measurements at 

9.3 Gc/s on the + ( l / 2 ) t o +(3/2) and on the -(1/2) to -(3/2) 

t r a n s i t i o n s i n specimen L2 gave T values of 51»3 msec and 
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86.2 msec (13)• These r e s u l t s give a frequency dependence of 

f ^*7if and f ^ ' ^ l between o,ô  Gc/s and 35«5 Gc/s. At f i r s t these 

f i g u r e s i n d i c a t e very poor agreement w i t h the 71 Gc/s r e s u l t s , 

but a more c a r e f u l consideration shows th a t the 9° 3 Gc/s r e l a x a t i o n 

times are not i n c o n s i s t e n t w i t h the others. The e f f e c t of the DC 

magnetic f i e l d i s t o l i f t the degeneracy of the lowest o r b i t a l 

energy l e v e l of the Cr^ + i o n . The degeneracy i s not completely 

l i f t e d , however, and each energy s t a t e i s a mixture of i t s e l f 

w i t h the others. As the magnetic f i e l d i s increased, the degeneracy 

i s l i f t e d f u r t h e r and the mixing of states decreases. Thus, as the 

measuring frequency i s changed from 71 Gc/s through 35»5 Gc/s to 

9.3 Gc/s, the magnetic f i e l d changes from 30 kOe through 15 kOe 

to 5 kOe, and the energy s t a t e s become inc r e a s i n g l y mixed. The 

e f f e c t of t h i s mixing i s to decrease the measured r e l a x a t i o n time 

and i t i s t h i s which i s being observed by the reduction of the 

frequency dependence from f ̂ "^ t o f 

I t i s i n t e r e s t i n g t o note t h a t the 

magnetic f i e l d dependence of r e l a x a t i o n time i n a Kramers s a l t 

has been shown to agree w i t h the Van Vleck p r e d i c t i o n by Davids 

and Wagner as r e c e n t l y as 1964 (10). The i o n used was Fe^+ i n 

potassium c o b a l t i c y a n i d e , and t h i s i s claimed to be the f i r s t 
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experimental v e r i f i c a t i o n of the Van Vleck theory. 

7.5 General remarks 

The increase i n the measuring 

frequency does not create any s p e c i a l problems i n t h i s method; 

c r y s t a l - v i d e o d e t e c t i o n i s s t i l l used, and c r y s t a l noise becomes a 

problem only when very low concentration specimens are used. For 

example: under AG resonance conditions ( s e c t i o n k.2.2) a 0.002% Cr 

ruby gives s i g n a l s about 10 dB above the RMS noise l e v e l ( i . e . i t 

i s b e t t e r than a t a n g e n t i a l s i g n a l ) but the pulse response traces 

are not large enough t o measure. This concentration appears t o be 

the l i m i t of the present 70 Gc/s system, where the amplitude of 

the s i g n a l and of the c r y s t a l f l i c k e r noise approach e q u a l i t y . 

The only way t o overcome t h i s d i f f i c u l t y i s to use superheterodyne 

d e t e c t i o n . For reasons given i n Chapter 6, superhet det e c t i o n 

w i t h a s i n g l e - k l y s t r o n system i s not yet up t o the performance of 

a c r y s t a l - v i d e o r e c e i v e r but t h i s seems almost wholly a t t r i b u t a b l e 

t o the la c k of source power, r e s u l t i n g i n loss of l o c a l o s c i l l a t o r 

power and reducing the conversion e f f i c i e n c y of the mixer. 

However, suggestions have been made t o improve matters. 

7.6 A note on the use of 70 Gc/s c r y s t a l s 

The c r y s t a l detector mount type W0 9̂ 8 
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(manufactured by Microwave Instruments) i s f i t t e d w i t h a non

removable poi n t - c o n t a c t diode. These diodes are p r e c i s i o n devices 

and are extremely s e n s i t i v e to physi c a l shock and v i b r a t i o n . To 

give the user some form of c o n t r o l over the c h a r a c t e r i s t i c s of 

h i s diodes, the p o s i t i o n of the germanium slab has been made 

adjustable w i t h respect t o the tungsten whisker by means of a 

minute grub screw and l o c k i n g screw on the c r y s t a l mount. 

R e t r a c t i o n and i n s e r t i o n of the slab by a f r a c t i o n of a m i l l i m e t r e 

i s s u f f i c i e n t t o produce a new p o i n t of contact w i t h the whisker. 

The pressure against the whisker also changes the c h a r a c t e r i s t i c s , 

but i s very c r i t i c a l because the whisker w i l l f r a c t u r e e a s i l y . 

This adjustment i s e s s e n t i a l ; improvements of 12 dB over the 

i n i t i a l s e n s i t i v i t y f i g u r e s , w i t h the two c r y s t a l mounts as 

de l i v e r e d , were e f f e c t e d by t h i s adjustment. I t i s unfortunate 

t h a t a maximum i n conversion e f f i c i e n c y f o r c r y s t a l - v i d e o operation 

need not coincide w i t h a conversion e f f i c i e n c y maximum t o IF. 

A f t e r adjustment the two c r y s t a l s had s e n s i t i v i t i e s matched t o 

w i t h i n 2 dB f o r c r y s t a l - v i d e o operation, but f o r conversion loss 

t o I F , one c r y s t a l was 10 dB b e t t e r than the other. This could be 

explained by assuming t h a t one diode had a conversion loss 10 dB 

b e t t e r than the other, or by assuming that the conversion losses 
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were the same, but t h a t the IF impedances were d r a s t i c a l l y d i f f e r e n t . 

So i f c r y s t a l - v i d e o operation and superset operation are desired, 

i t i s b e t t e r to have three c r y s t a l mounts, one adjusted f o r 

maximum DC output and the other two matched as cl o s e l y as possible 

f o r I F output. 

7.7 Further work at 70 Gc/s 

A method has been devised f o r 

measuring s p i n - l a t t i c e r e l a x a t i o n time at 70 ^c/s, p r o v i d i n g the 

foundations f o r a thorough i n v e s t i g a t i o n of the magnetic f i e l d 

and frequency dependence of T^, a study which would h i t n e r t o 

have necessitated a very large c a p i t a l outlay f o r equipment alone. 

At present a l l the specimens are cut i n such a way t h a t the'/only 

p o l a r angle possible w i t h the superconducting magnet i s 90°. 

To enable angular v a r i a t i o n s t o be made, a superconducting magnet 

i n the form of two p a r a l l e l windings would be req u i r e d , the specimen 

i n the waveguide being at the centre of the system, between the 

two windings. 

I t i s d i f f i c u l t t o say whether or 

not the pulse response method would be made any easier by the 

use of a 70 Gc/s k l y s t r o n . With the present method, the frequency 

d e v i a t i o n of the 35 Gc/s k l y s t r o n during the pulse i s doubled 
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by the process of harmonic generation thus introducing a possible 

source of error. However, i n a p i l o t experiment carried out at 

35 Gc/s, t h i s frequency deviation was deliberately increased by 

a factor of about 3 and the results s t i l l lay within 5% of 

t h e i r values under the correct conditions. I t i s thought unlikely 

that the doubled frequency variation at 70 Gc/s i s causing any error. 

The E l l i o t t 70 Gc/s klystron i s thought to have much poorer 

modulation properties than the 8RK19 ( l l ) , resulting i n slow 

switching times and large power variation during the pulse. No 

information i s available on the frequency deviation figures. 

U n t i l more technological experience i s gained i n the construction 

of' these klystrons, i t would appear that for the pulse response 

method, harmonic generation from 35 Gc/s with the 8RK19 klystron 

i s the best solution. I f the 8RK17 klystron has switching 

characteristics i d e n t i c a l to the 8RK19 (the mechanical construction 

and electron optics are id e n t i c a l ( l l ) ) then i t s 250 mW output 

at 35 Gc/s should produce an 18 dB gain i n 70 Gc/s power (12) 

i f the mixer c r y s t a l used as the harmonic generator can withstand 

the increased radiation. This should produce more than ample 

power to operate the single-klystron superhet at th i s frequency. 
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Abstract. A superheterodyne receiving system is described using a transmission crystal 
modulator instead of a separate klystron to generate the local oscillator signal. It has 
been used in paramagnetic resonance experiments at millimetric wavelengths. Instrumental 
line broadening is negligible and the signal-to-noise ratio is 30 dB. 

1. Experimental 
The measurement of relaxation times in paramagnetic 
materials by the pulse saturation method (Davis et al. 1958) 
involves the use of at least two klystrons. A low-power 
klystron supplies the continuous monitor power, and a high-
power klystron operating at the same frequency provides 
the saturating pulses. To enable weak transitions to be 
observed a superheterodyne receiver is usually used to 
amplify the resonance signal. Superheterodyne detection 
requires the presence of a local oscillator signal to beat with 
the incoming resonance signal, producing an intermediate-
frequency oscillation in the balanced mixer. In conventional 
microwave superheterodynes a third klystron is used as the 
local oscillator; but, above about 35 Gc/s, maintaining a 
fixed frequency separation between three independent 
klystrons is an acute problem. 

To overcome this difficulty a microwave signal is generated 
containing both the monitor and local oscillator frequencies. 
The transmission crystal modulator is driven at 45 Mc/s, 
amplitude-modulating the power incident from a 35 Gc/s 
reflex klystron, as shown in the figure. This produces 

signal was used by Pound (1946) and others in connection 
with frequency stabilization circuits. 

The signal returning from the microwave cavity consists 
of a 35 Gc/s carrier amplitude-modulated by both the 
resonance signal and a 45 Mc/s oscillation. In the balanced 
mixer this meets the local oscillator signal of 35 Gc/s ampli
tude-modulated at 45 Mc/s. The local oscillator sidebands 
beat with the incoming signal to produce, after detection in 
the balanced mixer, a 45 Mc/s i.f. carrier amplitude-modulated 
by the resonance signal. This is amplified by a conventional 
stagger-tuned circuit, and detected for cathode-ray oscillo
scope presentation of the resonance. 

2. Discussion 
The presence in a microwave cavity of two additional 

frequencies 90 Mc/s apart will have the effect of broadening 
or splitting an absorption line of comparable frequency 
width. Examination of the line shape of the + i to ~ £ 
transition in ruby with a 160kc/s phase-sensitive detector 
system showed no detectable broadening. We therefore 
conclude from the sensitivity of this system that the power 
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V 

Transmission 
c rys t a l 
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From covily mixer amplifier Detector 

C.R.O. 

Block diagram of the receiving apparatus. 

low-power sidebands at 34955 Mc/s and 35045 Mc/s. 
The signal is then split, half going to the local oscillator 
input of the balanced mixer, the other half constituting the 
monitor signal. The transmission crystal modulator con
sists of a germanium point-contact diode (GEC type 
YX3136) mounted in the waveguide and fed from an external 
signal source. The intermediate frequency of 45 Mc/s is 
chosen to give minimum overall noise (Strum 1953). A 
similar method of generating sidebands in a microwave 

level of the sidebands is at least 30 dB below carrier level. 
Placing the transmission crystal modulator in the local 
oscillator arm immediately before the balanced mixer removes 
the possibility of instrumental broadening due to the presence 
of sidebands in the cavity. However, it appears from 
present work that the efficiency of sideband generation is 
proportional to the incident 35 Gc/s power level over the 
range 5 to 20 mw. For this reason the transmission crystal 
modulator is placed as near the klystron as possible. The 
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power in the sidebands is dependent upon the level of 45 Mc/s 
drive to the modulator diode. At present the maximum 
available drive is 1 v r.m.s., the limit of the r.f. generator in 
use. Experiment suggests that this drive could be usefully 
increased. 

The insertion loss of 3 dB for the transmission crystal 
modulator was found to be independent of the r.f. generator 
output, and was almost entirely due to the modulator diode 
alone. Ideally it would be preferable to have a single 
frequency in the local oscillator arm. However, because 
the sideband power level is so low, the presence of F\ serves 
to bias the balanced mixer crystals to the minimum noise 
condition, 

3. Conclusion.-
The elimination of the local oscillator klystron simplifies 

the use of the microwave spectrometer for all forms of 
resonance experiments. The frequency separation of carrier 
and sidebands is constant, ensuring optimum performance 
of, the superheterodyne at all times. The only bandwidth 
limitation of/the present , receiver is set . by the highest fre
quency, component, of the resonance signal . This contrasts 

with' the conventional superheterodyne in. which the i.f. 
bandwidth is determined by the relative frequency instability 
of the monitor and local oscillator.klystrons The overall 
signal-to-noise ratio of the spectrometer and superheterodyne 
is 30 dB, which compares favourably with conventional 
systems 

The modification described appears to be directly applicable 
to spectrometers operating at higher frequencies, where 
frequency instability is an even greater problem 
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LETTERS TO THE EDITOR 

A single-klystron superheterodyne receiver for use at millimetric 
wavelengths t 

'•' Abstract. Comments are given on the design of single-klystron superheterodyne electron 
' paramagnetic resonance spectrometers. 

Recently, Brown, Mason and Thorp (1965) have described a 
35 Gc/s superheterodyne spectrometer designed primarily to 
be used for the measurement of electron paramagnetic 
resonance relaxation times by the pulse saturation method 
but described as useful for all forms of resonance experiments. 
This spectrometer used a single microwave source of power 
for both the signal Ft and the local oscillator F{ ± F2 channels 
ensuring that the intermediate frequency F2 is as stable as 
that of the modulator, eliminating the necessity for maintain
ing two separate frequency sources with a constant difference 
frequency. This was accomplished by modulating the entire 
output power from the klystron at 45 Mc/s before it was 
divided into the two channels. No attempt was made to 
remove the modulation sidebands from the signal power, 
nor to removei the carrier and one sideband from the local 
oscillator power. It was claimed that the presence of these 
unrequired sidebands did not degrade the sensitivity of the 
detection system,although a "signal-to-noise ratio of 30 d B " 
was reported. - it,is as&iirried/that this was intended to mean 
the noise figure of the systenrsirice, otherwise, it is a meaning
less statement in the absence of details of the sample. The 
analysis of the sensitivity of this system reported in this letter 
corroborates this assumption. 

This letter draws attention to the fact that the presence of 
these unrequired carriers degrades the sensitivity of the 
spectrometer described by Brown et al. by about 13-16 dB. 
It is well known that 35 Gc/s superheterodyne receivers can 
be built which have a noise figure of about 13 dB if point-
contact mixer diodes of contemporary design are employed, 
and if the intermediate frequency is between 1 and 60 Mc/s 
(Blore et al. 1964). When the spectrometer described by 
Brown et al. (1965) is used to study relaxation times, the 
factor measured is the microwave, bridge balance as the 
paramagnetic sample in the resonant cavity returns to thermal 
equilibrium after being saturated by a high power pulse of 
energy! This pulse is at the resonant frequency of the cavity 
and the sample is in a magnetic field which satisfies the 
condition for magnetic resonance. Brown et al: (1965) 
correctly conclude that the modulation sideband power does 
not enter the cavity to any significant extend provided that 
the Q of the resonant cavity exceeds about one thousand. 
It should be noted that when a reflection cavity is part of a 
microwave bridge the bridge can be balanced only at one 
frequency which, of necessity, must be the cavity resonant 
frequency. Consequently, one quarter of the sideband power 
incident on the bridge is reflected from the bridge and is 
incident on the microwave mixer where it plays a significant 
role in degrading the noise figure of the system as described 
below. Synchronous demodulation at the microwave fre
quency produces a d.c. output power. This is a very insensi
tive method of detection since the effective noise figure is 
very large because flicker noise in point-contact diodes is. 
excessive at near zero sideband frequencies. Superheterodyne 
demodulation will minimize the noise figure of the detection 

system provided that the intermediate frequency is suitably 
chosen. It can be shown by detailed analysis of the power 
spectrum incident on the microwave mixer that microwave 
bridge balance information at zero intermediate frequency 
exceeds that at F2 by a factor of about twenty (13 dB). This 
is the factor by which the noise figure of this system has been 
degraded by the presence of the extraneous signals and is 
independent of whether a transmission or reflection sample 
cavity is employed. Effectively, the result of the extraneous 
sidebands is to convert a large fraction of the information 
power to a sideband frequency where amplification and 
display does not occur, leaving a small fraction of the 

• information power at the sideband frequency where ampli
fication and display does occur. This is due to the fact that 
the balanced mixer is biased for minimum noise figure with 
power at frequency F{, rather than with power at either 
Ft.+ F2 or F{ — F2, and the result is equivalent to a 
degradation of the noise figure of the system. 

If the superheterodyne configuration of Brown et al. (1965) 
is employed as a conventional electron paramagnetic reson
ance spectrometer with magnetic field modulation at fre
quency /, then the output power spectrum of the microwave 
mixer has components at /, F2 + f and F2, as well as the 
various higher harmonics of these frequencies. The previous 
analysis Is valid in this case and shows that the resonance 
information at / exceeds that at F2 ± f by a factor of about 
twenty. It can be concluded that the noise figure of the 
spectrometer would be improved by about 13 dB if syn
chronous demodulation at the microwave frequency were 
followed by amplification and further synchronous demodula
tion at /. The improvement depends on the condition that 
the noise figure of the microwave mixer is the same at/as at 
F2. Buckmaster and Dering (1965) have shown that 9 Gc/s 
point-contact mixer diodes of contemporary design have 
optimum noise figure when incorporated into detection 

[ systems in which the sideband frequency is as low as about 
105-106c/s. The minimum of a plot of noise figure against 
frequency is very broad and does not increase significantly 
until frequencies in excess of 60 Mc/s are reached. Similar 
unpublished noise figure measurements at 35 Gc/s indicate 
that flicker noise in point-contact diodes becomes negligible 
at about 1 Mc/s. It can be concluded that the simplest and 

' most sensitive method of detecting electron paramagnetic 
resonance is to use a synchrodyne (homodyne) spectrometer 
in which the magnetic field is modulated at frequencies in the 
range 105—106 c/s provided that the resonance line width is 
such that modulation broadening does not occur. When 
broadening occurs, then the point-contact diodes may be 
replaced by backward diodes, since flicker noise in this type 
of diode becomes negligible at sjdeband frequencies above 
about 1 kc/s (Eng 1961). 

It should also be noted that the single-klystron electron 
paramagnetic resonance spectrometer described by Brown et 
al. (1965) is inherently unstable because a large fraction of the 
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power spectrum at the intermediate frequency F2 does not 
carry electron paramagnetic resonance information. The 
local oscillator power at i 7 , + F2 mixes with local oscillator 
power at F{ producing an output signal at F2 which is 
dependent on the bridge balance of the balanced mixer but, 
typically, would exceed any information. signal power by 
80 dB. The situation further degrades if a reflection cavity is 
employed since power at F, + F2 is also present as a com
ponent of the power in the signal channel and is not 
attenuated by the balance of the mixer. This useless power 
limits the maximum gain that can be usefully employed with
out saturating the intermediate frequency amplifier. It will 
also produce a large d'.c. signal at the output of the synchron
ous demodulator following the intermediate frequency 
amplifier. This quasi-signal can be removed only by 
deliberately unbalancing the synchronous demodulator, 
which will degrade the stability of the zero signal baseline. 
The effect is equivalent to that of detecting a small signal in 
the presence of a large noisy signal. 

Although it has been demonstrated in this letter that a 
single klystron superheterodyne spectrometer of the type 
described by Brown et al. (1965) has inferior sensitivity and 
stability, it should not be concluded that this inferiority is an 
inherent feature of all single-klystron superheterodyne 
spectrometers. Several alternative methods of generating the 
local oscillator power from a fraction of the signal power 

source have been described in the literature. These have been 
reviewed by Buckmaster and Dering (1966 to be published) 
who also studied the sensitivity of this type of system at 
9 Gc/s, using point-contact diodes in the microwave mixer 
and intermediate frequencies in the range WOO kc/s. The 
additional complexity of this type of electron paramagnetic 
resonance spectrometer is justified whenever modulation 
broadening of resonance lines must be avoided, or when high 
sensitivity is required when studying very broad resonance 
lines necessitating large field modulation amplitudes which 
are difficult to obtain at frequencies above about 500 c/s. 
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University of Calgary, J. C. DERING 
Calgary, Alberta, 9th March 1966, in revised 
Canada '. form 28f/i March 1966 
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Abstract. Further information is given on the operation of the single-klystron super
heterodyne receiver described by the authors in this journal in 1965. 

A short time' ago we outlined a single-klystron super
heterodyne receiver for use at millimetric wavelengths 
(Brown et al. 1965). Buckmaster and Dering have shown 
that, in some circumstances, the use of such a system may 
lead to a lower sensitivity than can be obtained with other 
forms of electron spin resonance spectrometer. In order to 
avoid confusion between the two approaches we wish to 
emphasize the following points. When using the single-
klystron superheterodyne receiver our detection system' 
comprises a microwave bridge, balanced mixer, 45 Mc/s i.f. 
amplifier and cathode-ray oscilloscope. The signal reflected 
from the cavity and crystal assembly passes to the microwave 
bridge where the standing reflection is balanced out in the 
usual .way, giving an output voltage across the detector 
crystals proportional to the imaginary part of the suscepti
bility. This system is used for two purposes: (i) for rapid 
identification of transitions and (ii) for the measurement of 
spin-lattice relaxation time. In the first case we superimpose 
a 50 c/s modulation on the magnetic field, the display then 
being the profile of the absorption line; in the second case 
the signal developed at the output of the second detector 
(usually 1-2 v in magnitude) is applied directly to the Y-
amplifier input of the oscilloscope, enabling the exponential 
recovery from saturation to be observed. For the measure
ment of linewidth we use a completely separate 160 kc/s 
synchrodyne detection system; this does not utilize .the 
single-klystron superheterodyne receiver. 

We agree with Buckmaster and Dering that the use of a 
single-klystron superheterodyne receiver of the type we have 

described followed by synchronous detection at 160 kc/s 
would result in impaired sensitivity. We do not use this 
method; neither do we claim that the presence of the un
required sidebands does'not degrade the sensitivity of the 
system. With reference to saturating the i.f. amplifier with 
"useless power" we would point out that if the power to the 
local oscillator input of the balanced mixer is of the same 
order as the power in the information-carrying sidebands, 
then the 45 Mc/s signal in the i.f. amplifier is almost 100% 
modulated. Any saturation produced in this amplifier is due 
to the magnitude of the information present, rather than to 
a large unmodulated carrier. The 30 dB signal-to-noise ratio 
which we quote refers to observations at 300°K on the +"i 
to — i transition in a 0-052% chromium ruby specimen of 
volume 0-2 cm3, taken at a polar angle of 90°. 

If the aim is to seek the maximum spectrometer sensitivity, 
the single-klystron superheterodyne receiver is not as good 
as the synchrodyne spectrometer, but the authors of this 
letter are confident that experimental workers will find this 
particular single-klystron superheterodyne receiver preferable 
to the conventional two-klystron type. 

Department of Applied Physics, G. BROWN 
University of Durham _ D. R. MASON 

< : J. S. THORP 
, ' ' 5th April 1966 
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/ ' Abstract. Spin—lattice relaxation times in ruby and sapphire have been measured at 
• . - 35 and 70 Gc/s by a pulse-response technique using a grid-modulated reflex klystron, 

' . - the peak pulse power at the specimen being about 10 fiw. Relaxation times at 
^ 4-2°K covering the range from, 2 msec to 24 msec have been measured at 35 Gc/s, the 

" ' results in each case agreeing with those obtained from pulse-saturation measurements 
- ' on the same specimens. Preliminary data are given of the relaxation in ruby at 70 Gc/s, 

the microwave, power being obtained by harmonic generation from 35 Gc/s. The 
range of applicability of the method is discussed, 

1. Introduction 
All the resonant methods of measuring spin-lattice relaxation time (Eschenfelder and 

Weidner 1953, Davis et al. 1958, Castle et al. 1960, Herve and Pescia 1960, Feng and 
Bloembergen 1963) require a high-power source of microwave radiation to saturate, or 
partially saturate, the spin system. Such sources are not readily available at the shorter 

' millimetric wavelengths and a pulse-response method has been developed to -enable the 
spin-lattice relaxation time T\ to be measured without the use of a high-power Source, 
This technique uses a pulsed .reflex klystron operating with a duty cycle of less than 10% 
delivering a peak pulse power at the •paramagnetic specimen of about 10 /aw. From the 
response of the spin system to each individual pulse the value of T\ can be derived. The 
method was developed and tested at 35 Gc/s before being extended for studies at 70 Gc/s, a 
region in which very few relaxation measurements have been reported.. 

2. Theory 
The effect of relaxation on the population difference in a two-level spin system has been 

described previously (Slichter 1963, p. 7, Siegman 1964,.p. 153). It is assumed that the 
spin-spin relaxation time Ti is much' smaller than the spin-lattice relaxation time Ti, 
Then the rate equation governing the population difference on application of the microwave 
field is, using Siegrhan's notation, , • , • ' ' 

• •". d v " An — A/V . . . . . . . . . ,,, 
( . ( / ,(A«) - 2^12 An •<• ; . (1) 

where Aw is the instantaneous population diifference, A7^ is the- thermal-equilibrium popula
tion difference and Wu is the stimulated-transition probability.; Equation (1) can be 
(Written'as ' , ' K\-. - • 

- </ , a» -A/V( i -viwnTiyi: 
dt - • ~" , . ( l /y\ H 2 ^ 1 2 ) - i , ' • 

the solution of ^which has a. time constant r given by ; ' : 

. T ^ i/7-j + 2 ^ 1 2 ' , - ( - ' - v • . ( 2 ) 

The magnitude of Wu at resonance is determined by the incident microwave power level 
and so T becomes power dependeht \v.hen W12 is comparable with 1/Ti.' In practice the 

file:///v.hen
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microwave power can be made sufficiently small for to have a negligible effect on T 
but still be large enough to produce an accurately measurable power absorption, Under 
these conditions, equation (2) becomes ^ 

. . . r r - 7i. . •'. . . . ' • ' ' ' (3) 

An exact determination of T\ is possible by measuring r as a function of the incident micro
wave power and extrapolating to give the value of T at' zero power. However, in the 
materials examined Jiere this was not found to be necessary, as §3 shows. The simple 
{wo-level system has been considered for theoretical clarity; any detailed analysis of the 
pulse-response method must take into account the particular multi-level system under, 
investigation (Grant 1964). v ^ ... 

3. Experimental method , 
At 35 Gc/s a conventional bridge spectrometer with crystal-video detection was used. 

The specimen was mounted on the short-circuit termination of the waveguide, positioned, at 
the centre of a superconducting solenoid. The use of the short-circuit termination (which 
is not an essential feature of the method) placed less .stringent requirements on the frequency 
stability , of the klystron. Figure 1 shows the component layout. The reflex klystron 
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Figure .1. Block diagram of the spectrometer. 

(Elliott type 8RK19) is grid modulated to produce r.f. pulses with a mark-space ratio of 
about 1 : 9 and a peak pufse power of about 3 mw. Frequency deviation during the 
pulse does not exceed 5 Mc/s and an amplitude sag of less than 10% could be achieved at. 
pulse lengths below 80 msec. ' A calibrated attenuator reduces the power at the specimen 
.to about 10 /u,w. ' • 

Figure 2 shows the waveforms obtained from the crystal-video receiver after the bridge 
was balanced to select the absorption sjgnal. The upper trace is the pulse waveform off' 
resonance. The lower trace,-obtained with the magnetic field on resonance, shows the 
power absorption decreasing with time. All the present measurements have been made on 
r,uby and sapphire specimens. The power dependence of T has been observed but it was, 
found unnecessary to plot T.against power and extrapolate to zero power because there was: 
an appreciable range (up to about 300 ju,w) ovei* which r was independent of power, and the 
size of the response signal was large. The pulse length must be much greater than the time 

http://tcn.ua
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Figure 2. Receiver output display: upper trace, off magnetic resonance; lower trace, on magnetic 

resonance. 0-2 at. % Cr ruby at 4-2°K. Horizontal scale 2 msec per division. ; 

constant under investigation to ensure maximum signal amplitude and to display the base
line, an important feature in the interpretation of the curve.- The interval between pulses is 
made sufficiently large to enable the spin system to come to therm'al equilibrium before the 
arrival of a pulse. Graphs of the natural logarithm of the absorption against time, derived 
from the photographs of oscilloscope traces, yielded the values of 7i . 

4. Results at 35-5 Gc/s • • 
Measurements have been made on different transitions in a selection of ruby and sapphire 

specimens, the relaxation behaviour of which had previously • been examined by pulse-
saturation techniques (Mason 1966, C. J. Kirkby 1967, private communication)., Figure 3 

S 1-6 

0-8 45 30 20 0 
Time (msec) 

Figure 3. Relaxation data derived from pulse-response traces: open circles,'—f to —\ transition, 
0-2 at.% Cr ruby, 7V= 12 0 msec; full circles, - | to + i transition, 0-052 at.% Cr ruby 7\ = 24-5 
msec; crosses, — I to +i transition, 0-2 at.% Cr ruby, J i = 3'5 msec. All measurements taken 

at 35-5 Gc/s, 4-2°K, 6 =. 90°. 

showis some of the semilogarithmic graphs obtained by the pulse-response method and their 
linearity suggests that a single exponential decay was being observed. A comparison of the 
pulse-response and pulse-saturation data is made in the table. Over a range of relaxation 

" times from 2 to 24 msec the agreement between the two methods is within the experimental 
error of about 15%. The energy-level nomenclature follows the notation of Schultz-du 
Bois (1959). 
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Comparative relaxation data obtained by pulse-response and 
pulse saturation methods 

Paramagnetic 
ion 

concentration 
(AI2O3 host)' 

0-052at.%Cr' 

0-20at.%Cr ' 

0-037 at.%Cr 
0-02at.%Fe 
0-001 at.%Fe . 

Transition 

Cr3+( - * • - » + ' i 
Ct»+: 

?i by >. 7i by 
pulse response pulse saturation 

1 (msec") •• - • (msec) 

Fe3+: - I 
Fe3+: - 4 

-i 
+ i 

24-5 
120 
3-5 , 
7-8 
5-9 

•3-7 
2-2 

24-0 
15 0 
4- 0 

"• 6-8 
5- 0 . 

2-0" 
1-9 

All measurements taken at 35-5 Gc/s, 4-2°K, 0 = 90°. 

5. Specific operational requirements 
In order to make effective pulse-response measurements several experimental parameters 

require close control. The most important of these are frequency deviation and amplitude 
Sag during the r.f\ pulse, bridge balancing and the choice of receiver. ' These are considered 
below. 

5.1. The pulsed klystron ' 
During the r.f. pulse the frequency must remain constant to within a fraction of the line-

width of the transition under investigation. Grid modulation generally produces some 
frequency deviation and the characteristics of two klystrons were investigated to findvthe 
magnitude of any frequency deviation. The first was a 35 Gc/s reflex klystron type 
R5146 (E.M.I.) used in conjunction with a power supply type WE 80 (Microwave Instru
ments). The strongest continuous-wave operating mode was selected and, with the reflector 
voltage constant, the r.f. power output and frequency were measured as functions of the 
.grid-to-cathode voltage, the results being shown in figure 4. The power rises gradually from 

34-34 <3. 

-120 •125 r l 3 0 -135 
Grid voltage tv) 

Figure 4. 'Grid characteristics of -the klystron type R5146 taken at constant reflector voltage. 

zero and its variation becomes linear as the continuous-wave operating point at —120 v is 
reached; the frequency falls linearly by.some 50 Mc/s. This procedure was repeated with a 
second type of klystron, an 8RK19 (Elliott),'again used with the WE 80 power supply. 
These characteristics are shown in figure 5. Oscillation begins suddenly at a grid voltage of 
—40 v. The power then rises linearly to the operating point at — 30 v, the frequency 
remaining constant. The threshold value of power output, measured on a thermistor 
bridge, was 3 mw.' For a closer examination of the threshold the power output was. 
displayed on an oscilloscope while the time-base saw-tooth voltage was applied to the 
klystron grid. This gave a characteristic identical .with figure 5 and showed that the 
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Figure 5. Grid characteristics of the klystron type,8RK19 taken at constant reflector voltage. 

switching time of the 8RK19, at —40 v, was 0-3 /*sec, independent of the slope of the input 
saw-tooth. Voltage pulses with a rise time of .10 nsec were then applied to the grid. The 
r.f. pulse rise time remained at 0-3 /zsec, showing that the switching was initiated only by the 
level of the input signal. Under pulse conditions no frequency deviation was detectable 
and the characteristics of the wavemeter used suggested that any deviation present was less 
than 5 Mc/s. -

The marked variation in the performance of the two klystrons appears to arise from 
.differences in their construction and electron-optical properties. With the 8RK19 the grid> 
pulse necessary to produce 3 mw of r.f. pulse power was about 8 v. Larger voltage pulses 
produced more powerful r.f. pulses, but with fractionally greater frequency deviation. The 
input pulses were obtained from a pulse generator (Solartron type GO 1101) and, in order 
to maintain a 10% duty cycle when using pulse lengths of 80 msec, a separate transistor 
multivibrator was used to trigger the pulse generator. The triggering period was fixed at 
720 msec. With r.f. pulse lengths in excess of 80 msec amplitude, sag during the pulse • 
became very large; this arises from the resistance-capacitance coupling between the modular 
tion input socket on the power supply and the klystron grid. However, the 80 msec upper 
limit of pulse length was quite adequate for the present measurements in which relaxation . 
times up to 24 msec have been observed. For materials, with longer relaxation times a 
greater r.f. pulse length would be necessary. ' . ' ' . 

5.2. Bridge balancing x . -
In both the conventional pulse-saturation and the pulse-response techniques the accuracy 

of the relaxation-time measurement .depends upon the accuracy to which the microwave 
bridge can be balanced. .This is usually carried out by means of a slide-screw tuner, a 
phase-shifter-attenuator combination or, as in the present work, an E-H tuner. The 
experimental procedure for balancing in the pulse-response technique is identical, with that 
used in other methods. An important feature, however, is that any unbalance is immediately 
visible. The klystron operates in its pulsed mode and the pulses reflected from the specimen 
assembly are displayed on the oscilloscope. The bridge is balanced by adjusting the E and 
H pistons using the method suggested by Cullen (1965). At the balance point the pulses 
disappear completely from the display. A smaH amplitude unbalance is then introduced to 
select the absorption component on resonance. As this unbalance is introduced the pulse 
reappears on the display, but it always has a curved top., This indicates that phase unT 
balance has .also been introduced. The E-H tuner is designed to reduce to-a minimum the 

. interaction between phase and amplitude adjustments; this interaction becomes noticeable 
in the pulse-response method. The pulse curvature can be removed 'by a very small ad-r 
justment of the phase piston of the E-H tuner. Thus the pulse-response method allows 
very accurate bridge balancing and equally accurate compensation for ,the~interacjion 
between the phase and amplitude, adjustments. / .*. . . . . ' ' • •, • 
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5.3. Radio-frequency sag compensation s 
Since the pulse-response measurement is of the change of absorption with time it Is, 

important that the r.f. amplitude should be constant throughout the pulse. With the 
circuitry used here, a little pulse sag arose because of the resistance-capacitance coupling to 
the klystron grid. This was compensated in the display by using a differential amplifier, 
Shown in figure 1. The r.f. pulse, which is displayed on the pulse waveform monitor, is fed 
to one input of the differential amplifier and the crystal-video receiver output to the other, 
Off resonance the amplifier accepts pulses of the same shape at both inputs and, if the 
reference pulse is adjusted to be the same amplitude as the receiver output pulse, the two 
pulses cancel exactly and the display is a straight line. The start and finish of the pulse are 
indicated by switching transients which are usually quite small. Although any magnitude of 
sag can be compensated in this way, the differential-amplifier technique is not recommended , 3" 
for sags exceeding about 5% because the r.f.' amplitude variation affects the relaxation 
processes, the results of which cannot be removed by simple algebraic subtraction. 

5.4; The crystal-video receiver 

For relaxation studies on ruby at liquid-helium temperatures a crystal-video receiver is 
well suited for the pulse-response technique; high sensitivity is not of prime importance and 

. the signals are at least 10 dB above noise with specimen volumes of about 0-1 cm3. The 
technique does not require a receiver with a large dynamic range so that relatively large gain 
can be-combined with good pulse-handling capability. The receiver is always working 
well within its specification and tests made on its pulse performance showed no detectable 
traces of overshoot, ringing or sag. If greater sensitivity should be required, a supers 
heterodyne receiver could be used. , ' .... 

5.5. Alternative pulsing systems 

Grid modulation of the klystron is only suitable as a method for obtaining r.f. pulses if 
the linewidth of the transition under observation is several times the magnitude of the 
frequency deviation during the pulse. In the present experiments the linewidths are about 
90 Mc/s overall and the frequency deviation is less than 5 Mc/s; grid modulation, therefore, 

- is quite satisfactory. For materials having small linewidths it is preferable to operate the 
klystron in the continuous-wave mode and use an alternative method of producing r.f. 
pulses. The switching properties of microwave diodes are well known (Millet 1958, 
Mackey 1962); the on/off ratio is large only for incident r.f. power levels of about 1 mw and 
falls sharply if the incident power is increased. However, such a diode placed in the wave- \ 
guide between the attenuator and the hybrid tee would probably be successful as a r.f. 
pulse modulator. Microwave modulator diodes are not readily available at frequencies 
above 35 Gc/s. A solenoid-operated ferrite switch could be used but would require a 
large switching current and, because of its self-inductance, would have a much slower 
switching time than both the klystron and the modulator diode. 

An alternative approach to the problem is to run the klystron in the continuous-wave 
mode and to pulse the magnetic field from well below resonance to exactly on resonance 
using a small, low-inductance, auxiliary coil. Switching-time limitations and current 
ringing are possible disadvantages of this method, but for studying narrow resonances the. 
coil inductance and the driving current could probably be made sufficiently small for 
magnetic field pulsing to be preferable to klystron pulsing. Magnetic field pulsing has been 
attempted on the present spectrometer, but the coupling between the auxiliary coil and the 
superconducting solenoid was sufficiently tight for the switching currents in the auxiliary • 
coil to induce current surges in the solenoid large enough to drive it normal.' However, the 
method should be feasible with conventional electromagnets where the coupling between the 

, auxiliary coil and the field windings can be very loose and where there is no problem of 
. \ superconductivity quenching. 
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6. Results at 70 Gc/s . 
Some preliminary relaxation-time measurements have been made at 70 Gc/s by extending 

the pulse-response technique to this frequency using harmonic generation with a 35 Gc/s 
mixer crystal (type GEM 9) as the non-linear element. The harmonic generator was placed 
after the isolator in the main waveguide system and followed by a WG 22 to WG 26 taper 
acting as a high-pass filter. The remainder of the spectrometer used standard 70 Gc/s 
components and, with one exception, was similar to the 35 Gc/s spectrometer shown in 
figure 1. The difference was that, although the 35 Gc/s stainless-steel waveguide leading to 
the specimen was retained, 70 Gc/s power was fed into it from the hybrid tee via another 
taper. As before, crystal-video detection was used. The estimated conversion loss of 
27 dB to the second harmonic indicated that the maximum pulse power available at 70 Gc/s 
was 6 jnw; this was reduced to about 2 f iw at the specimen by waveguide and component • 3 

losses. Using the experimental techniques described in §§3 and 5 pulse-response traces have 
been obtained at 4-2°K from several specimens. One such trace is shown in figure 6; it . 
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Figure 6. A typical pulse-response trace taken at 71 Gc/s. 0 052 at. % Cr ruby, 4-2°K, 6 - 90°. 

shows the response of the — £ to transition in a 0-052 at. % Cr ruby specimen and gives 
a relaxation time of 3-2 msec at 71 Gc/s. Since the relaxation time of the same transition 
in the same specimen at.35-5 Gc/s was 24-5 msec (table), this preliminary result suggests that 
in this region the frequency dependence of the relaxation time follows an inverse cube law. 

To obtain greater sensitivity and an improved signal-to-noise ratio, a single klystron 
superheterodyne receiver for 70 Gc/s is being tested. The design of a 35 Gc/s version of the 
receiver has already been described (Brown et al. 1965, 1966). For 70 Gc/s operation the 
harmonic generation and the 45 Mc/s amplitude modulation are carried out simultaneously ' 
by the one mixer crystal. The spectrometer design is changed only by the provision of a 
balanced mixer and its associated intermediate-frequency amplifier. The complete 70 Gc/s 
superheterodyne spectrometer operates from a single 35 Gc/s reflex klystron. 

7. Discussion * ' 
The results given above show that when the pulse-response method can be used as an 

alternative to the more' conventional pulse-saturation technique comparable accuracies 
(of about 10%) can be obtained. There are three salient features of the new method which 
influence its range of applicability: microwave powers in the microwatt region are adequate 
because the response of a spin system to a small disturbance is being observed; resulting 
from this there is no need for receiver,suppression during the pulse; the nature of the 
optimum r.f. pulse required is determined by the linewidth and relaxation time of the transi
tion being studied. 

In the centimetric-waveiength region the- pulse-saturation method is well established and 
a number of valves giving sufficient power for saturation are readily available. The pulse-
response method offers a simpler alternative, its advantage lying in its potential for short-
time resolution. In the pulse-saturation method the receiver is normally suppressed during 
the pulse and this leads to a dead time (often of about 10 /*sec) at the beginning of the 
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exponential recovery to equilibrium; large inaccuracies can thus arise in the measurement of 
relaxation times of the same order as the dead time. In the centimetric region, however, a " 
number of r.f. switching diodes are available and can be used with the pulse-response tech-', 
nique. Several of these have nanosecond rise times and, if used in conjunction with a' 
continuous-wave frequency-stabilized. klystron, should enable very short r.f. pulses of 
constant amplitude and frequency to be obtained. This should facilitate studies of short 
relaxation times, for example in the resolution of fast exponentials in cross-relaxation and in 
direct measurements of fast-relaxing centres. The power level required in the pulse-
Tesponse method is well below the dissipation limit of the switching diodes and the control, 
of r.f. pulse shape available should also enable measurements to be made on materials 
having a very narrow linewidth. ' 

At millimetric wavelengths the situation is rather different in that diode switches are not 
readily available at or above 35 Gc/s. Voltage modulation (either of a klystron or backward 
wave oscillator) appears to be the only method.for producing r.f. pulses and this limits the 
range of materials which can be examined to those having linewidths of several oersteds and 
relaxation times greater than 1 msec at 4-2°K. AS shown in §6 the low-power requirement 
of the pulse-response method enables harmonic generation to be used to extend the range 
over which measurements can be made to the shorter millimetric wavelengths, a region 
where the few valves giving sufficient power for pulse saturation are extremely costly. This • 
technique should enable studies on the frequency dependence of relaxation time in several 
paramagnetic materials to be made over a large frequency range.' The use of superconduct
ing magnets, however, creates some cryostat design problems if measurements are required . 
at temperatures above 4 ,2°K. 
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