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Abstract

The design and construction of a
complete microwave spectrometer operating at 35 Gc¢/s is described.
The receiver is of the superheterodyne type with an intermediate
frequency of 45 Mc/s; the local oscillator signal is derived by
a novel method from the output of the monitor klystron. A
superconducting magnet is used, capable of producing steady
magnetic fields up to 42.6 kilo-oersteds.

A second spectrometer is 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-lattice
relaxation times in ruby and sapphire at 35 Gec/s using a single
reflex 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 third spectrometer operating at
70 Ge/s by harmonic generation from 35 Ge/s has been constructed
and used to measure directly the relaxation times in the same

specimens, using microwave pulses of less than 2 microwatts at



the specimen. The results are compared with those at 35 Ge¢/s
and a value for the frequency dependence of relaxation time in
this region is calculated. Preliminary experiments with a
superheterodyne receiver at 70 Gc¢/s are described; the complete
70 Ge/s superheterodyne spectrometer is powered from a single
35 Ge/s reflex klystron. A special case of subharmonic mixing
has been found to be more efficient with this 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 in the text.
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Symbols used in the block diagrams

Att : Attenuator

BM : Balanced mixer

CRO : Cathode-ray oscilloscope
D : Diode detector

DA

a0

Differential amplifier

DCA : Directly-coupled amplifier
E-H : E ~ H tuner

I : Isolator

Iy : IF amplifier

K : Klystron, low-power reflex

L : Load, resistive

MD : Mixer diode

ML : Matched load

MT : Magic T

PG : Pulse generator

PK : Power klystron, pulsed

PS : Phase shifter

PwM H 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 3B directional coupler
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Chapter 1
Introduction
1.1 The development of microwave spectroscopy

Microwave spectroscopy began in
1934 with the classic experiments of Cleeton and Williams (1) on
the absorption spectrum of ammonia. The wavelengths they used
ranged between 1 and 4 cm, and their efforts are particularly
noteworthy in view of the very limited techniques available to
them at that time. To make their measurements "it became necessary
Lo produce_electromagnetic waves of shorter wavelength than had
been produced before by vacuum tubes"., To do this, they constructed
small split-anode magnetrons with anode'radii of less than 0.5 mm.
With the ammonia gas held in a rubber bag, and microwave radiation
focused on it with parabolic reflectors, Cleeton and Williams
observed the inversion of the ammonia molecule.

Experimental workers were severely
hampered by the lack of equipment available, and for this reason
microwave spectroscopy lay dormant for many years. The much-needed
research and development came during the Second World War when an
intense effort was put into the development of radar. This opened
up the field of microwave technology and, by the end of the war,

microwave spectrometers of sufficient sensitivity could be assembled
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1.2

and used. Bleaney and Penrose (2) were the first to publish,
following up the work of Cleeton and Williams, and Good (3)
followed with the discovery of hyperfine structure in the ammonia
spectrum.

Paramagnetic resonance experiments
were first reported by Zavoisky (4) in the USSR and by Cummerow
and Halliday (5) in America; Griffiths (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 piloneer 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 will thus interact with
its surroundings, The way in which it interacts can be used to
supply detailed information about the atom or ion of which it is
a part. For example, the experimentally determined data given by
electron spin resonance (ESR) on the transition group metal ions
is listed by Bowers and Owen (9) and by Orton (10). The ESR
spectrum can be used to identify an unknown transition metal ion

or a lattice defect, or to distinguish between two valence states
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of the same ion. The chemist uses ESR as a method which can
identify chemical bonding in molecules and crystals. The systems
which can be studied by electron spin resonance can be broadly
classified as:

(a) transition elements;

(b) free radicals;

(c) conduction electrons;

(d) biological materials;

(e) semiconductors;

(£) irradiated substances.
At the présent time biological materials and irradiated substances
are recelving most attention in electron spin resonance laboratories.

1.3 Techniques in 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 oscillator, depending upon the frequency used and
the power required. The specimen holder can take a variety of forms
and will not be discussed here. The microwave receiver is usually

the most complex part of an ESR spectrometer because, in contrast
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to optical emission spectroscopy, it is the absorption spectrum
which is being studied, and since the absorption coefficients
involved are very small, the recelver 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 restricted to absolute measurements of
CW power, their response times varying from 0.5 msec to about

12 sec (11)., The commonest microwave power detector is the point-
contact diode, and this can be used for all ESR work. Receivers
employing point-~contact diodes fall into three general classes:
crystal-video; superheterodyne; synchrodyne. It is the receiver
which largely dictates the accuracy and resolution of the overall
microwave system, assuming that the individual components are of
good quality.

If a steady magnetic field HO is
applied to a free electron, or to an atom having an unpaired
electron, the magnetic moment vector of the electron will precess
about the direction of HO with an angular frequency w which is
proportional both to Ho and to the electronic magnetic moment.

u* is the Larmor precession frequency and its value is given as:

[ = ¥ HO ’
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where ¥ is the gyromagnetic ratio. A sample containing many free
electrons, or many unpaired spins, when subjected to a magnetic
field Ho’ would not show any detectable evidence of the Larmor
precassion, Fach electron would be precessing at the same frequency
but with completely random phase and there would be no "bulk
precession" present, If a rotating magnetic field Hl were
introduced perpendicular to Ho and of frequency equal to w, it
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 tip its magnetic moment vector relative to
Ho. Effect (b) produces an alteration of the energy of the electron
and this change of energy is absorbed from that stored in the

rotating field Hl' In practice H, is the microwave field and the

1
Larmor precession, or electron spin resonance, becomes observable
as an absorption of microwave power by the specimen under
observation. This simple classical picture is now modified by the
quantum theory: an atomic spin can only exist in one of a certain
discrete set of allowed orientations (with respect to the direction

By

of the field HO) and energies. For example, the Cr” ion in ruby

has four allowed orientations, leading to the four energy levels
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for thel0r3+ ion. These four levels comprise the lowest orbital
energy level of this 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 (RF) field tends to revert to its original state, and
the rate at which it does this is determined by the spin-lattice
relaxation time, Tl. The processes by which energy exchange occurs
between the electron spin system and the crystal lattice are
complicated and obscure, but the effect that the magniﬁude of the
spin-lattice relaxation time has on the suitability of a substance
for maser operation (12) is very important, since it determines
almost‘exclusively the pump power requirement. Consequently, much

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

1
the first measurements of Tl were begun by Gorter (13) in 1936,
the value of Tl given by his non-resonant technique is an average
over all the spin transitions in a given material. The maser is
essentially dependent upon resonance for its operation and it is
logical that a microwave resonant technique should be used to

measure the spin-lattice relaxation time under conditions as close

as possible to those of maser operation. In order to obtain maser
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action it is necessary for the paramagnetic crystal to be at a
very low temperature, typically that of liquid helium, I, 2%K.

The reason for this is that the strength of maser action is
proportional to the population difference of the two signal levels,
The negative population difference under conditions of inversion
is of the same order as the positive population difference under
conditions of thermal equilibrium. The positive population

difference is determined by the Boltzmann ratio

Ni/Nj = exp(~ hfij/kT) .

To keep this ratio as large as possible, T must be small; to
fulfil this condition, liquid helium temperatures are usually
used. It has been found that at temperatures less than about ZOOK,
the spin-lattice 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 in many aspects and it is the ideal instrument for
examining the properties of maser materials under physical

conditions almost identical to those of maser operation.
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1.4 The measurement of relaxation time

There are six methods which have
been described and widely used for the determination of spin-
lattice relaxation time. These methods arc outlined below with
particular emphasis laid on: (a) the materialj;

{(b) the measuring frequency;

(¢) the power needed.

l.4.1 The CW saturation method

Eschenfelder and Weidner 1953:
iron ammonium alum and chromium potassium alum; 9.3 G¢/s;
1 watt; (14).

The specimen is placed in a liquid
helium-cooled cavity; the power absorbed in the specimen is
measured as a function of the incident power by measuring the
reflection coefficient looking into the cavity. This involves
some complex calculations to evaluate QM, the absorption Q of
the specimen, QL, the loaded cavity Q off magnetic resongnce,
and R, the reflection coefficient. The incident microwave power
Pi is measured with a barretter bridge. It is shown that a plot
of QM/QL against Pi(l - R)2 yields a straight line whose slope

is proportional to TTl’ where T is the absolute temperaturec.
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The biggest disadvantage of this method is the need to measure
the incident microwave power; it is not a relative power which
must be measured but an absolute power, and this leads to large
inaccuracy. This method has also been used by Portis (15; 16),
Redfield (17), Kipling, Smith, Vanier and Woonton (18), and by
Theobald (19).

1.4,2 The DC magnetisation method
Damon 1953: nickel ferrite; 9 Ge/s; 50 kW pulsed; (20).
Bloembergen and Wang 195%: manganese sulphate and nickel ferrite;
9 Ge/s3 50 kW pulsed; (21).
Feng and Bloembergen 1963: ruby; 9.3 and 24 Ge/s; 1 watt and
Lo mW pulsed; (22).

The specimen is mounted in a cavity
and is saturated at magnetic resonance by a microwave pulse. This
changes the DC magnetisation of the specimen, and it is the
component of this magnetisation in the direction of the applied
magnetic field which is detected in a pickup coil mounted outside
the cavity. The induced voltage in this coil is proportional to
the time derivative of the DC magnetisation. This is fed to an
integrating amplifier, the output of which records the relaxation

behaviour of this component of the DC magnetisation. The technique
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is simple in principle but requires quite sensitive and elaborate
equipment for handling the signals from the pickup coil. The
microwave system is very elementary.

1.4e3 The pulse saturation method
Davis, Strandberg and Kyhl 1958: lanthanum in gadolinium ethyl
sulphate, aluminium in ammonium chrome alum, and chromium in
aluminium oxide (ruby); 8.75 Gc/s; power not given - probably
about 1 watt; (23).

A standard, two-klystron
superheterodyne spectrometer is used with a monitor power of
about lO—%yW. The resonance is saturated by a pulse from the
magnetron, during which time the receiver is protected by a T—R
switch. The magnetron pulse equalises the populations of the two
spin levels being investigated and there is no absorption of
power from the monitor klystron. After the end of the pulse the
populations of the levels begin to revert to their thermal
equilibrium values, and as this occurs an increasing amount of
power is absorbed from the monitor klystron. The receiver picks
up this increasing absorption signal and it is recorded as a
function of time on a cathode-ray oscilloscope. By definition

(see section 1.3 and Chapter 5) the spin levels revert to their
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undisturbed state in an exponential manner the time constant of
which is the spin~lattice relaxation time, and it is this
exponential which is recorded on the display. This has become
the standard technique for measuring relaxation time; it is
theoretically possible for this method to resolve any number of
relaxation times which may be present (see Chapter 5). This
technique has been used many times, principally by Bowers and
Mims (24), Pace, Sampson and Thorp (25) and ilanenkov and
Prokhorov (26).

l.4.4 The inversion recovery method
Castle, Chester and Wagner 1960: potassium cobalticyanide;
9 Ge/s; 12 watts; (27).

In this method the spin populations
are inverted by adiabatic rapid passage, and the recovery from
this condition is monitored by a standard superheterodyne
spectrometer. The technique for producing inversion is as follows.
The DC magnetic field is held below the resonance value; auxiliary
Helmholtz coils are used to sweep the maghetic field through
resonance, first upwards and then downwards. A short saturating
pulse of microwave power is applied to the system as it goes

through resonance for the first time. As resonance is swept
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through for the second time, the spectrometer receiver displays
an inverted resonance line. The intensity of this inverted line
depends upon how quickly the second sweep through the line follows
the first. If the interval is long enough, the line will be no
longer inverted and will appear as a normal absorption line,
regaining its maximum intensity after the spin-lattice relaxation
process has removed the cffect of the inversion. Thus, if the
resonance is swept through repetitively after the inverting pulse
has been applied, the locus of the peak of the displayed line, as
it varies from its maximum inverted value through zero to maximum
absorption, gives the exponential recovery of the spin system
from which the value of Tl can be found., Further measurements on
ruby using this technique have been reported by Thorp, Pace and
Sampson (285 29).
1.4.5 The AC saturation method

Herve and Pescia 1960: paramagnetic coal (unspecified) and DPPH;
frequency unspecified; 100 watts; (30).

This is a variation on the method of
Damon (20), discussed in section l.4.2. A 100% modulated microwave
field is used to saturate the resonance at frequencies variable

up to 30 Mc/s. The changes in the component of the magnetisation
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in the direction of the DC magnetic field are detected by a small
pickup coil near the specimen., When the modulation frequency is
low compared with 1/Tl the power modulation produces a magnetisation
variation which is picked up by the coil. When the modulation
frequency is higher than l/Tl the magnetisation can no longer
follow the power variation and the signal induced in the coil
decreases, This alteration in the induced signal with variation
of the modulating frequency enables Tl to be measured. further
details of this method have been given by Herve and Pescia (31),
Bassompierre and Pescia (32) and by Herve (33) but it is
interesting to note that in none of these papers is the working
frequency given.

l.4.6 The ultrasonic method
Dobrov and Browne 1963: ruby; (34).

This method is completely different
from any of the methods so far discussed. Instead of using
microwave electromagnetic waves as the energy source it uses
microwave acoustic energy at 9.3 Gc¢/s generated by quartz rods
bonded to the ruby specimen. The technique uses the spin-lattice
interaction in the opposite manner to the previous experiments.

The specimen is placed in a DC magnetic field and if acoustic
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power is supplied to the specimen it will be absorbed if the
frequency is correct. At resonsnce the coherent phonons, produced
in the specimen by the transducers, have the correct energy to
excite transitions of spins by virtue of the spin~lattice
interaction (perhaps the term lattice-spin interaction is more
useful here)., In this manner an acoustic absorption spectrum for
ruby as a function of magnetic field can be plotted and it shows
the three allowed spin transitions of the four level chromium ion.
From these ultrasonic absorption measurements values of T1 can

be derived.

Methods l.#.l to 1l.4.5 have been
used over a frequency range from 8.5 to 35 Gc/s but no work has
been reported above this figure. This is because each method
requires that the resonance should be saturated by the microwave
power. At frequencies up to 35 Gc¢/s this is no problem; above
this frequency, klystrons and backward-wave oscillators giving
sufficient power output are very few and are extremely expensive,
and for this reason traditional measurements of Tl have not been
made above 35 Gec/s. Values of the spin~lattice relaxation time at
a frequency of 70 Gc¢/s have been inferred from the pulsed magnetic

field measurements of Rimai, Bierig and Silverman (35) on
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rare-carth ions, but no direct measurements have been made.

This brief synopsis on experimental
methods is not intended to give a complete picture of work in
electron spin resonance. yuite the opposite; it is intended to
illustrate two facets only of an immense field of study -

(2) the indispensable role played by electronics and microwave
technology, and (b) the importance of relaxation time measurements
in the study of maser materials, for it is these two subjects
which form the basis of the present work described in the
following chapters,

1.5 Outline of the present work

Chapters 2 and 4 describe the design
of a complete microwave spectrometer operating at 35 Ge¢/s. It is
intended for use in the measurement of spin-lattice relaxation
times in paramagnetic materials by the pulse saturation
technique (23). Superheterodyne detection is employed, the local
oscillator signal being derived by a novel method. The design
and operation of the superhet are described in detail. A
superconducting solenoid is used because the cryogenic apparatus
is used in another spectrometer operating at 70 Ge¢/s and described

in chapters 6 and 7. A review of the principal types of microwave
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receiver is given in Chapter 3%, both as a general background and
to assist in explaining the reasons for using superhcterodyne
detection for one measuring teohﬁique and crystal~video detection
for another technique. Th¢ 35 Ge/s superhet principle (36) is
adapted for use at 70 G¢/s and has raised some interesting points:
these are discussed in Chapter 6. To make relaxation time
measurements possible above 35 Gc/s, a technique has been evolved
(37) to overcome the need for microwave saturating power and is
explained in Chapter 5 and Chapter 7. Chapter 5 describes the

use of the method at 35 Ge¢/s and shows it to have an accuracy
equal to that of the pulse saturation method. Chapter 7 describes
the use of the method at 70 Ge¢/s and gives what are believed to
be the first direct measurcments of spin-lattice relaxation times
at this frequency in ruby and sapphire. Zach chapter includes,
where appropriate, suggestions for the improvement of existing

apparatus and techniques, and ideas for further research worke
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2.1
Chapter 2

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

This chapter deals with the
cryogenic part of the spectrometer giving details of the overall
design with accent on the reasons behind the choice of the
individual pieces of apparatus.

2.1 The superconducting magnet

With a view to extending electron
spin resonance experiments into the O-band region (70 Ge¢/s), a
magnet was required which could produce at least 30 kilo~oersteds.
To meet this requirement, a superconducting magnet wmade by
International Research and Development Co, Ltd., was chosen. The
magnet had a maximum field of 42.6 kOe at an energising current
of 22 amps. Initial tests made by D.R. Mason in 1964, based on
some observed paramagnetic resonance line widths, indicated
that the field homogeneity was abou£ 1 part ig 105. The magnet
is wound with a Niobium/Zirconium alloy having a critical
temperature of about 8°K. The phencmenon of "training' has not
been observed with this magnet, but it is a well-known property
of most superconducting alloys including Nb/Zr (1). When the

current through a superconducting wire in an external magnetic
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field is increased for the first time the wire may pass into
the normal state at a current well below the critical value. If
the prodedure is repeated the transition takes place at a higher
current, and only after a number of cycles is the final critical
current reached. This is the usual description of training, and
no satisfactory explanation of it has been given. The bore of
the IRD magnet is 0.75 inch and even with Q-band waveguide in
position there is ample room for the placing of an auxiliary
modulating coil,

The question now arcse as to the
type of power - supply required and whether or hot a
superconducting switch, to enable the use of the '‘persistent
current", would be an advantage., The initial testing of the
magnet had been carried out by wiring it in series with a Newport
Instruments Type D electromagnet in use on an adjacent
spectrometer., Tne way this was done is illustrated in figure la
The arrangement worked extremely well and it was decided to use
this method permanently. A safety diode, Westinghouse type S8AN70,
was connected as shown in figure 1 to fulfil two specific
purposes:

(a) When the magnet is normal, its resistance is about
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1500 ohms. This resistance in series with the Newport
electromagnet would cause the generator to run away because the
feedback control voltage would be virtually removed. To provide
a low-resistance path while the magnet is normal, the diode is
connected as shown., The control unit is then unaware of the
superconducting magnet being in circuit. When superconductivity
occurs, current flows preferentially through the solenoid
because its resistance vanishes. Again, the control unit is
unaware of the circuit change.

(b) When the superconducting magnet is operatingnéit a current
of I amps, the stored energy, E is given by

B = %LI2 joules

if L is in henries. If the magnet quenches, because of a current
surge or a lack of liquid helium, this -}LI2 must dissipate itself.
This it can do quite safely through the diode, the control unit
being unaffected by the quench. The diode, by virtue of its non~
linear characteristic, provides efficient damping of the ringing
which tends to occur as the magnetic field collapses. Were the
diode not present, the surge voltage produced at the

supercobhducting magnet terminals by the masnet quench could be

of the order of kilovolts, and would certainly destroy the
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control unit. Because of this, the diode is tested before each
helium run.
2.2 The metal cryostat

All the initial tests were carried
out using a cryostat comprising two double-walled Pyrex dewar
vessels, the inner filled with liquid helium and containing the
magnet and the outer filled with liquid nitrogen., While this
system proved reasonably satisfactory for some half-dozen runs,
it later became unreliable and much time and money was spent on
re-annealing the helium dewar and stopcock, all to no avail.
Because of this difficulty it was decided to obtain a metal
cryostat. The cryostat was designed jointly with Oxford Instruments,
Ltd., and was built and supplied within eight weeks. The
construction of the cryostat is shown in fipgure 2.

2,35 The magnet mounting assembly and modulation coil

Because of the low ceiling of the
laboratory in‘which the equipment was to be situated, care was
nacessary to ensure that there was sufficient clearance between
the top of the cryostat and the ceiling to enable the low-
temperature waveguide to be removed from the cryostat. Previous

cryostats had been mounted on the spectrometer frame, and a
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specially designed éyphon had been used for the liquid helium
transfer. However, it was decided that to have the greatest
cooling efficiency during the transfer, the arm of the syphon
must reach the bottom of the helium dewar in the cryostat. This
necessitated a 40-inch clearance akove the cryostat, and it was
found that this was just possible with the cryostat resting on
the floor of the laboratory.
The design of the top plate for the

cryostat was straightforward. Four apertures were required:

(i) waveguide mount;

(ii) syphon entry;

(iii) exit to vacuum system and gas collection systems

(iv) electrical outlet.
The syphon entry and gas exit apertures required supporting
tubes to be soldered into the top plate, the syphon entry tube
extending some 12 inches down into the helium dewar to provide
guidance for the syphon. Electrieal outlets were provided by a
ceramic button with twelve electrical connections through it,
mounted in the top plate by a ceramic-to-metal seal. The
waveguide mounting and magnet support are of a more involved

design and are shown in figure 3. The magnet support tube is a



Figure 3(b).

The dismantled magnet assenbly
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l-in. diameter stainless steel tube with a wall thickness of
6.012 in., providing a rigid, low thérmal conductivity support
for the magnet.

A necessary design feature was an
auxiliary modulation coil capablerof producing a magnetic field
scan of about 200 oersteds peak-to-peak to enable a video display
of absorption signals on a cathode-ray oscilloscope. In order to
minimise the ampere~turn product for the coil, the windings had
to be as close to the specimen as possible, the magnetic field
being coaxial with that of the superconducting magnet. A coil
former was designed to be a push fit into the magnet bore, and is
shown in figure 4., The coil consists of 6 layers of 22 SWG
enamelled wire, the connecting wires being recessed along the
main body of the tufnol former. Design calculations showed that
the coil should have a self.inductance of 0.9 mH, a sufficiently
low figure to allow the use of modulation frequencies in excess
of 30 k¢/s if necessary. A winding of 6 layers.at 80 turns per
layer was chosen because (a) it gave a low valué of self
inductance, and (b)la current of 2 amps was calculated to produce
a magnetic field of about 300 oersteds. The tufnol former was

positioned in the magnet bore so that the centres of the two
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nagnetic fields were coincident. Two terminals were nounted on
the top bIobk.of the superconducting magnet and the wires from
the modulation coil were soldered to them inside the block. In
this way the magnet and the modulation coil is a single unit with
no floating wires.

2.4 Depth measurement of liquid helium

Knowing the level of liquid helium
in a cryostat is always useful and is often a necessity. A brief
survey follows of the most popular riethods of depth measurenent.
Devices for depth indication fall into two categories - those
giving an indication of the presence or absence of liquid heliun
at a specific point, and those giving a continuous neasurenent
of depth,

The most popular Yspot check"
device is a low wattage carbon resistor. This utilises the
resistance~tenperature characteristic of carbon which, in the
heliun teriperature range, follows an inverse law. Differentiation
between gas and liquid is an important property which any depth
indicator must possess. It is a difficult differentiation to
make. If the liquid is boiling steadily, its own temperaturc

and that of the gas lmmediately above it are alnost identical,
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and for an exact estimation of depth to be nade, the sensing
device must'respond to some factor other than temperature. This
other factor is the thermal conductivity of the mediun
surrounding the device, The thernal conductivity of liguid helium
is much greater than that of helium gas, and if the current
flowing through the sensing device is chosen correctly, the
following two criteria for successful operation can be fulfilled:

(a) The current through the device nust be large enough to
heat up the resistor when it is in the gas so that its resistance
is appreciably different from that when it is in the liquid.

(b) This current must not be so large as to produce
excessive boiling of the liquid in contact with the device.

If a carbom resistor is used, its
physical size will be one factor in determing the sensitivity,
and the tybe of resistor commonly used is the 0.1 watt variety
made by Allen-Bradley. Blanplain (2) describes a carbon resistor
depth gauge and uses a Wheatstone Bridge detection system giving
an accuracy of 3 mm for the level. The basic theory of "heated
element" level detectors is developed Ly Maimoni (3). A very
elegant way of giving a continuous indication of depth is the

capacitor device of ieiboor1 and O'Brien (4). A cylindrical type
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of condenser is mounted perpendicular to the liqﬁia surface, and
any change in depth of liquid produces a change in the dielectric
constant of the medium between the plates and results in a change
of capacitance. Although simple in principle, its practical
realisation is difficult; the dielectric constant of the helium
gas is 1,0000652 and that of the ligquid is 1.048. Meiboom and
O'Brien report that this change in dielectric constant produces
a maximum change of 3 pF over the 61 pF of the empty condenser.
Beaause of the sensitivity required, a commercial capacitance
bridge is used which has a maxinun sensitivity of 3 pF full-scale
deflection and an overall stability of 0.1l pF. This principle
has also been used by Dash and Boorse (5); here the capacitance
change is used to change the frequency of a high-frequency
oscillator, the frequency shift bheing wmeasured. Capacitor
detecting systens aré used to operate control systems for
maintaining predetermined levels in apparatus designed by
Nechaev (6) and Ly Williams and Maxwell (7). The last of the
capacitor devices is a spot check system due to Kasatkin (8).

The accuracy claimed for these techniques is 1 to 2 mm. Cryostats
using glass dewars with narrow sight lines are amenable to being

fitted with the simplest of all depth indicators,a float made of
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expanded polystyrene, described by Babiskin (9)., For use in
opaque cryostats the float can be fitted with a balsa wood stem
protruding throgh the top plate, a method used by Rasor (10). The
provision of an exit hole for the stem precludes the use of
pressures other than atmospheric., The most sensitive depth
indicator for liquid heljum employs a sensing elenent nade of a
superconducting alloy. For continuous indication of depth the
wire is mounted perpendicular to the liquid surface and can take
the form of a single strand, a loop or a helix, depending upon
the sensitivity required and the amount of room available. A
constant current flows through the wire, its value being decided
by the considerations (a) and (b) mentioned previously. The
voltage drop across the wire is a direct measure of the length of
wire which is superconducting. Level gauges using this principle
have been described by Feldmeier and Serin (11) and by Ries and
Satterthwaite (12), the difference in the designs being the choice
of material for the sensing element. Feldmeier and Serin use
tantalum, while Ries and Satterthwaite use a fine manganin wire
coated with a 60% Sn - 40% Bb alloy. The merits of various types
of superconducting sensing element are discussed by Figgins

et al. (13); from sensitivity considerations the Lest materials
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are vanadium and tinned constantan. The problem of heating the
wire above the liquid is overcome in a different way by Isaeva (14):
two separate wires are used - an insulated constantan wire is
used as a heater and tantalum wire is wrapped helically round it.
Superconducting ‘'dipstick" indicators are the subject of papers
by Rovinskii (15; 16) and by Fradkov and Shal'nikov (17). An
interesting background on the heat treatment of superconductors
is given by Webber (18). For the sake of completeness, the
following indicators are included:
(1) The vibrating rubber membrane. A long tube, sealed at one
end by a rubber membrane, is lowered (open end downwards) into
the cryostat. Spontaneous oscillations of the membrane begin.
When the lower end of the tube penetrates the liquid, these
vibrations drop in frequency by 30% and in intensity by 603% (19).
(ii) Differential pressure systems. Such systems have been
described (20), (21), but they are rather cumbersome methods
compared with the electrical systems.

(iii) Semiconducting sensing elements. A sensing element of
boron-doped silicon has been used by Sauzade et al. (22)., The
resistivity is heavily temperature-dependent, giving good

sensitivity.
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Bearing in mind the relative merits
of each system it was decided to use a continuous-reading
superconducting depth gauge. Reference (13) advocates the use of
tinned constantan as being equally sensitive as vanadium but
having the great advantage of being able to be made in the
laboratory. The only constantan available at the time was
insulated with enamel, which had to be removed. This was
accomplished by softening the enamel in concentrated nitric acid
and removing it from the wire with a clean cloth. This method is r.>.
not recommended; if the acid comes in contact with the wire it
cannot be tinned. The ideal way to remove the enamel from such
wires is to use a de-polymeriser such as '‘Stripalene 713"
manufactured by Sunbeam Anti-Corrosives Ltd. This will remove
the enamel without attacking the wire. Having cleaned the wire
and prevented the formation of kinks which, in 40 SWG wire, are
very troublesome, the wire was suspended between two vertical
pillars in such a way as to be under slight tension. A 25-watt
soldering iron with a newly-prepared bit was used to tin the wire
very evenly with Multicore Savbit Alloy solder. Measuring from
the blueprigt of the metal cryostat, the top of the liquid helium

reservoir was about 11 inches from the bottom of the helium
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dewar; this meant that the length of the sensing element had to
be 22 inches for a complete loop, and the wire was mounted from
the stainless steel support tube to the bottom lip of the
superconducting magnet former as the photographs of figure 3 show.
The overall change in resistance of the wire between room
temperature and 7OK, the critical temperature of the solder, is
only some 15 to 20,5 of the room temperature value of 25 ohms. A
current of 100 mA was calculated to produce a heat dissipation

of approximately 10 mW per inch of the wire in helium gas at
4.201{° This appeared to be an average dissipation, working from
figures quoted in the literature, so a constant current power
supply was built to provide 100 mA into a load varying between

O and 25 ohms. The circuit of the supply is shown in figure 5.

It utilises a 4.7 volt Zener diode together with a 47 ohm
reistor to provide a constant 100 mA emitter-~base current.
Transistor action then maintains 100 mA in the collector load

(in this case it is the sensing element) irrespective of its
value. This level indicator hag been in use in two cryostats for
over two years and there has been no trace of non-reproducibility
which might be expected from the severe temperature cycling to

which the sensing element is subjected. The accuracy of indication
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of depth is within 1 mm and the differentiation between gas and
liquid is very satisfactory. A large gas displacement produces a
voltage drop across the wire, indicative of the cooling effect,
but this voltage rises again as soon as the displacement is
reduced. The rising level of helium liquid produces a steady drop
in voltage across the sensing element; this voltage does not rise
after ligquid transfer ceases.

The onset of superconductivity is
indicated by a voltmeter placed across the safety diode of
figure 1. When the magnet is normal and the power supply is on,
the meter reads 400 mV, the forward voltage drop of the diode.
When the magnet becomes superconducting, the voltage abruptly
drops to zero as the meter becomes short-circuited by the magnet.
This provides a further check on the accuracy of the depth gauge.

2,5 Technique for liquid helium transfer

With the metal cryostat, the

procedure for a helium transfer is as follows,
(A) Evacuate the interspace with a good backing pump to
about 107> mm Hg.
(B) Fill up the screening jacket with liquid nitrogen.

(C) Wait for a few hours to enable the temperature of the
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magnet assembly to reach '7’7OK° (This is optional; liquid helium
has been transferred into the helium dewar when the magnet
assembly was at réom temperature. +f the helium transfer is done
slowly, the extra wastage of helium liquid is very small).

(D) Transfer liquid helium by the metal syphon from the
travelling dewar. This takes about # hour.
Once the transfer is completed, the helium wiill remain for over
9 hours without attention of any kind.

Initial testing of the system
included inducing the magnet to quench in order to check that the
quenching was completely under control. This can be done at any
value of magnetic field by producing a surge in the energising
current., Quenching under present conditions was found to bé quite
safe, being evident only by:

(a) loss of the resonance signalj
(b) the reading on the meter across the diode;
(¢) a gentle, short boil-off of helium gas.
The boil-off is very slight, and can only correspond to a few

millilitres of liquid,
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Chapter 3

Receivers for Microwave Spectroscopy

3.1 Types of receiver

Receivers used in microwave

spectroscopy fall into three general categories: crystal-video;
superneterodyne; synchrodyne., In the crystal~video receiver the
incoming signal from the spectrometer bridge is detected by a
point~contact diode and amplified by a broad-band video amplifier.
The term V'video! has a particular connotation in microwave
spectroscopy; although derived from radar technology this
adjective is used quite generally to describe the amplifier or
amplifiers handling the demodulated (detected) microwave signal.
The bandwidths of these amplifiers rarely exceed 10 kc¢/s (1).

The superheterodyne receiver frequency-changes the incoming
signal by direct mixing in two crystal dicdes with a locally-
derived oscillation, the intermediate frequency signal being
amplified and later detected at high level. The synchrodyne
receiver is .. very similar to the superheterodyne except that the
IF used is zero frequency and the receilver is sensitive to phase
and amplitude. Kach type of receiver makes use of the microwave
diode either as a mixer or as a detector and as a result, the

performance of any such receiver is gfeatly dependent upon the
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quality of the diode in use.

3.2 The microwave diode
The construction of a Q-band diade
is shown in figure 1. It is a point-contact device with a
tungsten whisker pressing on a small slab of silicon or germanium.
The area of the point of contact is about 10_4 cm. The slab of
semiconductor is connected to one of the broad faces of the
waveguide and the whisker connection is brought out to the centre
pin of a coaxial socket. The electrical characteristics of these
diodes are similar to those of other point-contact types and a
typical curve is shown in figure 2. The shape of the
characteristic gives rise to two modes of detector operation -
linear and square-law,
(a) Linear or strong-signal detection

If a large signal is incident on the detector the
RF peak-to-peak voltage will be éuffioient to swing the
instantaneous operating point to the extremes indicated by b in
figure 2. At large forward bias the characteristic becomes
virtually linear; the reverse region is also linear but of a very
high resistance. Thus the signal switches the detector on and off,

and if the swing is large enough the distortion produced by the
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curved characteristic in the region of the origin is negligible.
(b) Square-law or weak signal detection
For a low-level incident signal, the voltage swing is
small, indicated by a in figure 2. This voltage excursion uses a
wholly curved portion of the characteristic and it is known that
this curvature can be described mathematically by a Taylor

expansion terminating in the squared term:

2
f -2
']- g——— (T;e)

) ar
i= f(e) = f(eo) + I (be) + 2 2 , (1)

where e, is the bias voltage determining the operating point,
and be is the small iMput signal voltage. The derivatives are
evaluated at the operating point e, The diode thus functions as
a square-~law detector when the applied signal is sufficiently
small, provided that the second derivative of the characteristic
does not vanish at the operating point. The linear term is of no
importance in detection, since it is symmetrical about the
operating point.

It is convenient at this stage to
introduce the microwave diode as a switch and as a voltage -
controlled attenuator. The diode can be represented by the
equivalent circuit shown in figure 3.

L  represents the whisker inductance;



. Equiva1ent cirouit of the point-contact,

”diode
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Rs is the “"spreading resistance! due to the
compression of the current flow paths in the semiconductor near
the point of contact;

C represents the barrier capacitance, a function of
bias and polarity, and accounts for the storage of charge in the
boundary layer of the semiconductor;

R represents the non-linear resistance of the
rectifying contact, and is also a function of bias and polarity.

c! accounts for the parasitic capacitances due to
the mounting of the whisker and semiconductor. It can be
compensated for by tuning the diode holder and will be neglected
in this analysis. For operation as a switch, the diode presents
one of two different impedances which are determined by the
amplitude and polarity of the applied bias. For the switch to be
ON, a forward bias is applied which results in R being small
comparcd to C, thereby shunting it. This produces a series R-L
circuit across the waveguide and results in a small insertion
loss. In the OFF state the applied reverse bias causes R to be
very high and effectively shunted by C. The diode can now be
represented by a series R-L~C circuit, and if the values of R

and C are correct the circuit will resonate, resulting in a low
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resistance across the waveguide. The insertion loss under these
conditions is usually some 30 dB greater than the insertion loss
in the ON state,

The OFF/ON ratio is heavily
dependent upon the incident power, and at X-band the average
diode will only give 30 dB isolation for incident powers up to
1 mW. This can be increased to 50 mW but the isolation is reduced
to 12 dB maximum, this figure being attainable only after careful
choice of diode., If powers in excess of a few milliwatts 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 this is that for successful switch
operation the peak-to=-peak voltage excursion of the incident
microwave power must lie totally in the forward-bias region in
the ON state, and totally in the reverse-bias region in the OFF
state; to achieve this, a diode must have a very long voltage axis
to its characteristic, and this condition is fulfilled by a high
forward resistance and a high Zener breakdown voltage.

Switching of microwave power can be
accomplished, therefore, by switching a diode in the waveguide

from forward to reverse bias. The square-law portion of the
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characteristic gives rise to a transition region in the switching
characteristic, a region where the insertion loss changes from its
minimum to its maximum value. This region is centred on the origin
of coordinates and extends for about 0.5 volt on either side of
this., This makes the microwave diode usable as an electrically-~
controlled attenuator capable of amplitude-modulating the
microwave power in a waveguide. This technique is explained in
detail in Chapter 4.

Having discussed the operation of
the microwave diode, its uses will now be covered in the
description of each type of receiver.

| 3s3 The crystal-video receiver

As mentioned in section 3.1, a
crystal-video receiver detects the signal at the output of the
spectrometer bridge and the resulting modulation information is
amplified and fed to the display system. It is usual for the
amplifier to be a directly coupled type to enable the display of
continuous wave (CW) power levels when necessary., There is no
tuned circuit, no local oscillator to be tuned and stabilised,
and no IF amplifier. Because of these factors the receiver has a

large RI" bandwidth and this, combined with its simplicity, results
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in an overall loss of sensitivity of some 40 4B in comparison
with'a good superheterodyne receiver.

The output from the spectrometer
bridge is only a few microwatts and as a result the microwave
diode operates in its square-law region, where the output voltage
or current is proportional to the RF power incident on the crystal
diode. The sensitivity of the receiver is principdlly-a ‘fmmction
of the diocde because at video frequencies amplifier noise is
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, it is
depcendent upon the level of the incoming signal, and in order to
specify a figure for the sensitivity, the Wtangential signal' is
usually quoted. A tangential signal is defined as that signal
which is 8 dB above the RMS video noise power (2). This is not a
mathematical definition; the figure of 8 dB is quoted because the
strict derivation of the definition is based upon the observation
of an oscilloscope display. Calculations made from this display
show that the tangential signal, defined by experimental
observation, is 8 dB above the RMS video noise power. At

frequencies in Q-band the sensitivity of a crystal-video receiver
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is about 10"8 watt. The wide RF bandwidth inherent in this type
of receiver is of no real importance in microwave spectroscopy,
since many experiments use a microwave source at constant
frequency and the tuning range of the klystron lies well within
the passband of the individual components. Crystal-video
}eceivers are prone to pulse distortion, especially if they are
required to give high gain combined with a large dynamic range.
However, if a receiver is built for a specific purpose, it is
seldom necessary for both of these requirements to be fulfilled,

3.4t The superheterodyne receiver

Invented in 1917, the

superheterodyne receiver is the most versatile and the most
widely used receiver ever introduced. The principle of operation
is the heterodyning of the incoming signal with a locally
generated CW signal, the difference~frequency being amplified by
a series of tuned stages and detected at high level. This
difference frequency is known as the "intermediate frequency" or
IF, and is usually chosen to be of much lower frequency than the
incoming signal. The versatility of the superheterodyne receiver
is illustrated by the fact that such receivers are in common

use over the frequency spectrum from 1OLF ¢/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 light, 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 in figure 4. The internal construction of these
stages and the components used éepend markedly upon frequency,
and the further discussion on the superhet will be confined to
microwave frequencies.
3.4.1 The buffer stage

The presence of the buffer stage
prevents any radiation of the local oscillator carrier and acts
to isolate the receiver input from the first detector.

3.4.2 The local oscillator

This is usually a low-power CW
source, the frequency of which is electronically stabilised by
feedback processes to remain at a fixed frequency separation from
the incoming signal. The local oscillator is loosely coupled to
the incoming signal by means of a balanced mixer, which also

serves as a buffer stage.
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3.4.3 The first detector
The balanced mixer also provides
the mixing and detecting functions of the first 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
in Chapter 4.
3.4o4 The IF amplifier
This consists of a series of
tuned stages, the response of which can be shaped almost at will
by stagger~tuning the individual stages. A well-designed IF
amplifier can combine high gain with wide bandwidth, a
combination very rarely obtained in general amplifier circuits.
3.4.5 The second detector
Utilising either a thermionic or
solid~dtate diode, this detector works at high level, i.e., in its
linear region, and removes the modulation components from the
signal ready for subsequent video amplification. Waveforms
illustrating the action of superheterodyne detection are given in

figure 5.
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3.5 The synchrodyne receiver

In common with both the types of
receiver so far described, the synchrodyne is another device for
detecting amplitude-modulated signals. It can be simply
described as a superhet with on intermediate frequency of zero,
and is uded in spectrometers providing an output to a pen
recorder. Magnetic field modulation, of amplitude much less than
the line width under investigation, combined with a slow change
in the DC magnetic field, produces ‘'incremental absorption'
signals which vary as the resonance line is slowly scanncd. This
process is illustrated in 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. If the magnetic field modulation frequency

is 160 kc/s, sidebands at +160 k¢/s are produced on the
microwave carrier., These sidcbands vary in amplitude and phase
according to the variation of the incremental absorption, the
waveform of which is given in figure 7 for a complete scan of the

line. Note the phase change at the pcak of the resonance line.



absorption
r\l
<
N P \
ﬁ (C
| D
- Small amplitude - . © Megnetic field ———3p
- modulation SN . L

.. Figure 6. .

’ Incremental‘abéofptionISignals L




. (a) Enve10pe of the incremental absorpmion signalsf 

for a complete scan of the iine

- (b) Output from the phaée-sensitive detector

Figure 7.



5.12

The operation of the synchrodyne receiver, or phasc-sensitive
detector, is to accept the signél of figure 7 and to demodulate
it while being conscious of the phase of the input signal. Phase-
sensitive detectors are usually the sampling type; the input
signal is amplitude-sampled once, or perhaps twice, per cycle of
the modulation frequency. The sampling action is derived from a
reference source at the modulation frequency and, as a result,
when the phase of the input signal changes, the detectof output
changes sign, as figure 8 shows. Phase-sensitive detection
produces, by virtue of the small-amplitude modulation, the first
derivative of the resonance line shape. There now follows a
description of the sampling operation, together with an
explanation of a typical sampling circuit.

3.5.,1 Description of operation

The function of a phase-sensitive

detector is to recover from an alternating signal voltage

e (t) = E_(t) sinat (2)
the voltage Es(t)a These waveforms are shown in figure 9.
In this case Es(t) is sinusoidal, but in the case of a
spectrometer receiver it would be the resonance information from

the paramagnetic specimen. A simple rectifier is unsuitable for
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detection because a change of sign of Es(t) appears as a change
of phase of the waveform of equation (2), as figure 9 shows. A
rectifier circuit which is sensitive to phase is required, and
it must be supplied with a reference voltage

e (t) = E_ . sinst (3)
against which to compare the phase of es(t), and must produce an
output voltage of the correct polarity depending upon that
comparison. The signal voltage is sampled at regular intervals
of time, these intervals being controlled by the referencce signal.
It is important to remember that the frequencies of the signal
and reference voltages are identical, and that the circuit
samples the instantaneous amplitude of the incoming signal, the
output changing sign when the input changes phase, as figure 10
shows,

3.5.2 Description of a typical circuit

Phase~sensitive detection is

carried out in practice by storing the result of the sampling
operation in a condenser until the next sampling instant. The
circuit is shown in figure 11. The time constants ClRl are

arranged to be 10 to 100 times the period of the reference

e

voltage, and Ca‘stl but 02 must be large enough to store the
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output voltage between sampling instants despite any leakage
through the impedance of the circuit to which the ocutput voltage
is applied.

(a) Suppose es(t) and C., are removed. When er(t) is applied

2
the two rectifiers will conduct in series once per cycle, and on
the condensers Cl rectified voltages will build up which, by
symnetry, are equal and of the polarities shown. Lach of these
voltages will be nearly equal to Er of equation (3) because of
the value of ClRl' During the conducting instants the rectifiers
have low impedance and the point a will be clamped at earth
potential. During the non~conducting periods there will be a

high impedance between a and earth, and it can attain any voltage
relative to earth provided that this voltage, adied to the
instantanecus voltages developed across the two halves of the
transformer secondary, does not cause either rectifier to conduct.

(b) The signal voltage and C. are now replaced. During

2
conduction instants, a is clamped at earth so b is forced to
assume a voltage relative to earth equal to the signal voltage at
that instant. Thus a sampled voltage appears across 02 which

receives an appropriate charge. If the conditions specified above

for non-conducting periods holds, point a is disconnected from



3.15

earth and there is no leakage path from b to earth, so 02
maintains its charge and the sampled voltage until the next
sampling instant., To prevent any unwanted conduction of the
fectifiers between sampling instants Er must be made greater than
Es(t)° The sampling instants are very brief, and for 02 to reach
its appropriate charge in such a short time, the signal source
must be capable of supplying quite large current pulses.
3.6 Comparison of receivers

Of the three types considered, the
crystal-video receiver is by far the simplest. It is also the
least sensitive and the most noisy, since its bandwidth extends
from DC to the cut-off of the video amplifier, a region where
crystal noise is very great (4). Strum (5) gives a detailed
account of microwave diocde performance which is relevant to this,
and is mentioned again in Chapter 4. Large dynamic range cannot
be combined with high gain, so a compromise is necessary. The
wide RI" bandwidth is no asset in spectroscopy. Crystal-video
receivers are uasually restricted to spectrum scanning
applications for rapid identification of large intensity

transitions before switching in a phase-sensitive detector. Only

recently has a method been developed (6) which enables spin-lattice



relaxation to be observed on a crystal-video system.

The superhet is able to surpass the
crystal-video receiver in every aspect. Its sensitivity can be
expressed in units of ].O“l‘2 watt or less,; comparcd with the
10 watt for the crystal-video receiver. Because the first IF
stage accepts only the signals contalned in a specific range of
frequenqies centred on, say, 45 Mc/s, the overall noise of the
receivef is very low, since the crystal noise in the 30 to 60 lic/s
region is very low. Noise is further reduced by the response
curve of the IF amplifier: when designed for a specific purpose,
the amplifier response is shaped to accept the highest useful
harmoniés present in the sideband spectrum but nothing beyond
these. Thus the noise bandwidth has the minimum possible value.
The price paid for such good performance is an increased
complexity, the provision of a local oscillator being uppermost
in this respect. Because frequencies around 45 Mc/s are used as
the intermediate frequency, the IF strip can be completely
conventional in design and presents no problems. At microwave
frequencies, local oscillators can be a big problem and for this
reason systems have been evolved to generate the intermediate

frequency from the incoming signal without using a separate local

)



3417

oscillator klystron. Methods by which this has been achieved are
described in Chapter k4.

While the superhet is such an
efficient and versatile instrument, there is a large field of
study in microwave spectroscopy for which it is not as ideally
suited as the phase-sensitive detector. Studies of paramagnetic
resonance line shapes and line widths are carried out by means
of this instrument, as are most of the '"static spectrum analysis"
experiments, where the spin system under investigation, though
slightly disturbed by the observation, is in an equilibrium state.
Phase-sensitive detection gives very high sensitivity and very
narrow bandwidth. The direct result of this is a very low
output noise level and a relatively long response time --
typically of the order of 5 seconds for a simple pen-—recorder
output. The experimental worker must not accept phase-sensitive
detection as a universal tool for studying line shapes and
intensities because the accuracy of the results obtained depends
critically upon the magnetic field modulation amplitude. The
smaller this amplitude is the more accurate the results will be,
and it has been found (7) that for a true line shape to be

obtained, the modulation amplitude must not‘exceed one-tenth of
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the line width. Broadening of the line produced by excessive
modulation amplitude is approximately equal to the modulation
frequency. Modulation coils producing this AC magnetic field are
usually placed outside the waveguide or cavity containing the
specimen, and to avoid the metal acting as a screen to the field
modulation, care must be taken to ensure that the thickness of

the metal is less than the skin depth at the modulation fregquency.
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Chapter 4

Thé Spectrometer - 2+ The Sihgle-K%lgtron Superheterodyne Receiver

4i1 The need for supcrheterodyne reception

Two types of receiver had been in
use in this laboratory - a simple orystal-video type and a much
mofe elaborate 160 ke/s synchrodyne system. A colleague was
beginning to measure spin-lattice reléxation times by the pulse
saturation method (1) and the question arose as to the type of
receiver which would be used. The synchrodyne was immediately ruled
out because the requirement was for a receiver giving a voltage
outéut which was directly proportional at all times to the
microwave power level at the input. The choice lay between the
crystal~video receiver and the superhet, For the reasons given in
Chapter 3 the superhet is the better choice but it requires far
greater waveguide and circuit complexity. However, sensitivity was
not the prime consideration here; linearity between input and
output signals was most important. The superhet is a linear
receiver, the crystal-video system being linear only over a very
small range of power up to about 100 /Lw, depending upon the
characteristics of the microwave diode in uses For acéurate

measurements a superhet was the only choice.



k.2 Development of the single~klystron superhet
Microwave superhets fall into two
categories ~ those using a klystron as a local oscillator, and
those deriving a local oscillator signal from the monitor klystron
of the spectrometer. The first type is referred to as the
conventional superhet since it is a direct microwave analogue of
the common radio receiver and at frequencies up to about 9 Ge/s
it is the most widely used type of superhet. Some difficulty
arises over the provision of a local oscillator signal which must
be maintained at a constant frequency separation from the monitor
klystron frequency. This separation is usually about 45 Mc/s and
is such a small fraction of the incoming microwave frequency that
stabilisation circuits must be used on both klystrons for
efficient operation. Klystron automatic frequency control (AFC)
is usually effected by a Pound stabiliser (2), the klystron being
locked to the frequency of a reference cavity of high Q. Such
circuitry can be easily provided up to 9 Ge/s, but for klystrons
operating at 35 Gc/s and higher, the use of a Pound stabiliser
becomes increasingly difficult.
To overcome the need for a local

oscillator klystron it was decided to develop a single~klystron
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superhet where a signal fulfilling the functions of. a.true.local
oscillator is derived from the spectrometér klystron. The origins
of this type of superhet are not well documented; Misra (3) in
1958 used this principle in a dual-channel 9.3 Ge/s spectrometer.
This appears to be the first description of a single-klystron
superheterodyne spectrometer,

4L,2.1 Requirements for a local oscillator signal

The critefia for a local oscillator

signal are that it should remain at a fiked frequency separation
from the incoming carrier and that it should be more powerful than
this signal. These are the only requirements provided that the
first detector (or mixer) has an efficiency of 100%. The effect
of a non-ideal mixer is discussed later. In microwaverspectroscopy
the overall signal strength at the mixer is usually much less
than 10 /4W and the percentage modulation of this signal, produced
by the paramagnetic resonance, is less than 10%. Under these
conditions the sideband power is less than 0.1 uW (4). Thus the
local oscillator power necessary to produce undistorted signals
at the intermediate frequency is very small,

4,2,2 Generation of the local oscillator signal

If a radio-frequency carrier of
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frequency fc is amplitude modulated at a frequency fs, the
resultant signal is equivalent to three discrete frequencies,
fc - fs’ fc, fc + fs’ known as the lower sideband, carrier and
upper sideband, respectively. With 100% modulation the power in
each sideband is one quarter of the power in the carrier. If fs
were equal to the intermediate frequency of a receiver, the two
sidebands would act as a local oscillator for the carrier and the
output from the mixer would be fs. The mathematics of mixer
operation is given in sections 4.9 and 4.10. In the case so far
considered the signal in the IF amplifier is an unmodulated
carrier of frequency fs. Suppose the amplitude modulated wave

represented by fC, f + f , were propagated along a waveguide to

c—-"s

a paramagnetic specimen under AC resonance conditions. (This term
will be used to describe the following situation: the specimen is
assumed to be resonant at a microwave frequency fC and at a DC
magnetic field HO; the DC field has a swall-ampliitude AC field
superimposed on it which is just large enough to scan the resonance
line completely). If the resonance has a frequency width less than
2fs then the two sidebands will be reflected unchanged from the

specimen. The reflected carrier, however, will be amplitude-

modulated by a non=-sinusoidal periodic function produced by the
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AC resonance. This means that the reflected signal has more
sidebands than the incident signal, and these sidebands occupy

two bands of frequencies which are symmétrical about fC and whose
widths are determined by the number of Fourier components of the
non-sinusoidal resonance information. The total frequency spectrum
reflected from the specinen is shown in figure 1. If this spectrum
1s incident on the mixer input to an IF amplifier, the signal
passing through the amplifier would be a carrier wave of frequency
fs amplitude~modulated by the resonance information, this spectrum
being shown in figure 2. On reaching the second detector the
resonance information is separated from the carrier and can be
amplified, if necessary, by a broad-band video amplifier.

To operate a single-klystron
superheterodyne spectrometer all that is needed is the generation
of two sidebands to act as local oscillator signal. There are a
number of ways of doing this, for example:

modulation of a travelling-wave tube;
modulation of a klystron amplifier;
modulation of a klystron oscillator;
use of a microwave diode as modulator.

At 35 Ge/s the microwave diode is the only practicable solution,
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travelling-wave tubes being very expensive at this frequency.
A superheterodyne spectrometer utilising a transmission crystal
modulator was the subject of a paper by myself, D.R. Mason and
J.5. Thorp, published in the Journal of Scientific Instruments in
1965 (5). A brief description follows based upon the ideas already
introduced in this chapter.
4,7 Practical details of the receiver

Figure 3 shows the overall design
of the spectrometer and receiver. The transmission crystal
modulator consists of a microwave diocde mounted perpendicular to
the bfoad faces of the waveguide and driven at 45 Mc/s from the
output of an Advance RF signal generator delivering 1 volt RMS at
an impedance of 75 ohms. Other source impedances were tried but the
75 ohm value appeared to be the optimum. For the sake of clarity
it will be assumed that the only frequencies propagated in the
waveguide following the modulator arc the 35 Ge¢/s carrier and the
two (35 + 0.045) Ge/s sidebands. This is a simplification, as is
shown later, but it does not affect the principle of operation.
A 3 dB directional coupler divides the RF power into two parts:
the first is used to power the spectrometer; the second im used

as local oscillator signal, going via an attenuator to the balanced
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mixer. Resonance information appears at the magic T output of

the microwave bridge and is fed directly to the balanced mixer.

The non~linearity of the diodes in the mixer produces an output

to the IF amplifier of the resonance information as sidebands

centred on a 45 Mc/s carrier in the manner discussed in section 4.2.2.
There is one marked difference from the carlier description:

power is extracted from the main waveguide run to act as local
oscillator signal instead of using the unchanged sidebands

reflected from the specimen. This is done for the following rcasons:

(a) Versatility. Having a greater local oscillator power
available gives an increase in the useful range of input signal
levels which can be efficlently frequency-changed.

(b) Efficiency. The balanced mixer requires two inputs, and
the local oscillator input should be quite independent of changes
in the spectrometer, To achieve this the local oscillator power
is taken from the main waveguide run before it reaches the
spectrometer.

(¢) Intermodulation. The sum and difference frequencies
generated by the local oscillator sidebands beating with their
own carrier (giving frequencies 2f - fs and fs, for ecxample) arc

of low intensity if the depth of modulation of fc by f_ is small (6)e



4.8

The transmission crystal modulator produces an estimated 1% ’
modulation and hence the intermodulation product, fs’ which the
superhet accepts, is of very low intensity. This intensity can

be greatly increased by mixing the incoming signal to the balanced
mixer with the local oscillator signal removed directly after the‘

4

modulator,

Theoretically it is undesirable to
have more than one freguency incident on the paramagnetic specimen;
however, if the resonance linewidth is less than twice the
intermediate frequency, this should not matter in practice. In the
case of ruby the overall linewidth is about 90 Mc/s but the power
in the (35 + 0.045) Gc/s sidebands is so small that no traces of
line broadening or splitting have been observed. If a cavity were
used on the spectrometer, a loaded Q of about 1000 would be
sufficient to prevent the sidebands reaching the specimen.

L.4 Spectrometer performance

This receiver has been in continous
operation for 2% years and it has proved stable, sensitive and
trouble~free. The IF amplifier which was used had been designed
for conventional two-klystron operation and consisted of an.1ll<stage

stagger~tuned circuit with a passband of 10 Hc/s centred on 45 lc/s.
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For use with this single-klystron spectrometer the stages were
re~-trimmed to improve the overall response without introducing
instability. When this had been done the response curve had a
satisfactory shape with a passband of 2.6 lMc/s centred on 4h.5 tic/s.
The increase in gain and in signal-to-noise ratio fully justified
the operation.

When used with the pulse saturation
method for measuring spin-lattice relaxation time the superhet
design has proved ideal. Operation of the complete spectrometer,
shown in figure 4, has already been described (7) and is extremely
simple. The only aid to frequency stability of the klystron is
_ provided by an oil bath in which the klystron is immersed. A
gating and suppression circuit was buillt to key off the superhet
during the saturating pulses. This is a necessity in conventional
superhets where a pulse of about 1 watt can damage a receiver
adjusted to accept signals of 10-12 watt. The single-klystron
receiver did not require keying off at all and the suppression
circuits were found to be unnecessary. This feature is duc entirely
to the level of the local oscillator signhal. As was stated in
section 4.2.1 the local oscillator must be more powerful than

the incoming signal. This censures that the modulated wave being
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amplified by the IF strip is an accurate replica of the incident
microwave signal. The mathematics given in sections 4.9 and 4.10
shous that the magnitude of the IF signal is directly proportional
to both the incoming signal voltage and the local oscillator
voltage. While being true when these voltages are of* the same
order, this is not a universal proportionality. For example,
the mathematics would give the same magnitude of IF signal for
incoming signal and local oscillator voltages of 10 and 12 as it
would for 0.5 and 240, and in practice this is not true. When one
voltage is very much less than the other, virtually no mixing
takes place; this is mainly due to the fact that the larger
component biases the mixer diodes so hard that they do not act
as true mixers at all. In conventional superhets the local
oscillator signal is usually many orders of magnitude larger
than it is here,; so that some mixing does occur during the RF
pulses and the IF output is sufficient to overload the later
stages of the amplifier, thus necessitating the use of an IF
suppression circuit.

The stability of the intermediate
frequency is independent of the stability of the monitor klystron

and is determined entirely by the stability of the 45 Mc/s signal
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gencrator. Because the local oscillator signal is derived from
the monitor klystron, the local oscillator is automatically
self-tracking, that is it follows any frequency changes of the
monitor klystron. It is interesting to compare this design with
a conventional superheterodyne spectrometer incorporating a
self-tracking local oscillator klystron, such as that described
by Holton and Blum (8),
4,5 Mixer and intermediate frequency considerations
S0 far only theoretical arguments
have been proposed to define a minimum acceptable local
oscillator power level, assuming a 100% efficiency for the mixer.
In practical terms, a ‘'mixer” comprises a mounting block with a
flange for waveguide connection, and a removable crystal cartridge
as described in Chapter 3. To the experimental worker who
purchases, say, a balanced mixer, the only variable over which
he has any control is the type of mixer crystal, because the
matching and balancing of the mixer block are normally optimised
by the manufacturers.
4,5,1 Important mixer crystal parameters
(a) Noise temperature. This is defined as the ratio of the

noise power available from a given network (e.g. the mixer diode)
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to that available from an equivalent resistor at room temperature.
The nolse temperature of a mixer crystal is never less than unity;
this would imply that there was no excess noise developed in the
crystal itself and the noise power available would only be the
Johnson noise associated with the IT' input admittance. Noise
temperature varies with the intermediate frequency at which it is
measured, being lower at high IF's than at low I¥'s. This variation
is as (frequency)“l° DC bias affects the noise temperature also,

a reverse bias raising the nolse temperature. Because of this it is
advisable to maintain low resistance DC paths for the crystal
current.

(b) Conversion loss. Defined as the ratio of the input RF
power to the output IF power, it is critically dependent upon
aspects of the mixer block design, upon the DC bias to the crystal
and upon the local oscillator power level. The effect of a small
forward bias is to make the conversion loss at a reduced local
oscillator power level almost as small as that at the normal level.
Under these conditions the conversion loss/local oscillator drive
variation is much reduced. Strum (9) gives details of the conversion
loss as a function of the crystal current produced by local

oscillator drive. The minimum loss is created by crystal currents
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of about 0.5 mA. When the mixer is used in conjunction with an
IF amplifier, as in the spectrometer, further noise considerations
are necessarye
4,5,2 IF amplifier noise

The excess noise of an IF amplifier
using a given type of valve increases approximately linearly with
frequency (10).

The two over-riding parameters
from the preceding discussion are crystal noise and IF amplifier
noise, the first depending upon (f.‘r'equency)"l and the second upon
frequency directly. The overall excess noise curves are given in
reference (9) and quoted by Ingram (11). Minimum noise lies in the
region from 20 to 60 l¢/s approximately. The commonest intermediate
frequencics for microwave spectroscopy are 30 and 45 Mc/s.

L,6 Criticisms of the spectrometer

Buckmaster and Dering (12) have
criticised this design in detail but from a very dubious standpoint
in certain places. Bach point is covered in the following discussion.

(1) Degradation of the noise figure.
Buckmaster and Dering (referred to

as BD in this discussion) quote a figure of 13 dB as being the
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ratio of the bridge balance information at zero IF to that at
45 Mc/s. Certainly this is true, but BD admit that such
synchronous demodulation. at the.mierowawe frequancy (produéingaa
DC output) is a very insensiiiwe. debet¢tion méthod because.of the
high flicker noise of diodes at near-zero frequencies. If
superheterodyne detection is to be used to overcome the noise
problem then this factor of =13 dB is automatically incurred,
irrespective of the type of superhet used. This figure of 13 dB
does not arise from the presence of Yextraneous signals'. The
balanced mixer derives its bias almost completely from the
mlcrowave carrier component of the local oscillator signal,
i.e., at a frequency of 35 Gc¢/s. In a conventional superhet the
0.5 mA current bias mentioned in section 4.5.1 is derived from
the local oscillator at a frequency of 35.045 Ge/s. BD state
that this biasing, by not taking place at the true local
oscillator frequency, also degrades the noise figure. It seems
unlikely that the noise figure would be sensitive to a 0.13:
change in microwave frequency, as this statément implies., As is
shown in Chapter 3, the phase-sensitive detector or synchrodyne
demodulator can have far greater sensitivity than the superhet

because its bandwidth is extremely narrow and its response time
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correspondingly slower. BD, in their quest for ultimate -
sensitivity (13), (14), appear to have overlooked the fact that
a sensitive superheterodyne spectrometer specifically designed
for pulse saturation measurements is not the most sensitive
spectrom;ter for detecting paramagncetic resonance. This is shown
in their taird paragraph where they introduce magnetic field
modulation at a frequency f and suggest that a noise figure
improvement of 13 dB could be obtained by using synchronous
demodulation at the microwave frequency followed by amplification
and further synchronous demodulation at a frequency f. Quite so,
but the superhet is no longer usable to measure relaxation timesy
(ii) Inherent instability.

The sidebands in the reflected signal
from the microwave bridge do mix with the carrier prescat in the
local oscillator signal to give an unmodulated output at the
intermediate frequency but adverse effects due to this are overcome
by careful adjustment of the microwave bridge and local oscillator
levels A suppressed-carrier local oscillator system has since
been developed to overcome this problem and is described in
section 4.12. BD again reveal their misunderstanding of the system

in this same paragraph when they explain that the effect of a
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swamping carrier in the IF amplifier can be removed by
unbalancing the synchronous demodulator following the amplifier.
This shows direct confusion between the system we describe and
the hypothetical double-synchronous~demodulation system which
they introduce in their third paragraph.

It is interesting to note that most
superhet spcctrometers use a balanced mixer and 45 Mc/s IF
amplifier, and if some form of synchrodyne receiver is to be used
as well (in conjunction with smali-amplitude magnetic field
modulation at a frequency f), the synchronous demodulator at f is
connected to the output from the superhet second detector.
According to paragraphs- two and theec of BD o noise.figure
degradation of at least 1% dB will be incurred. The most recent
paper on this particular type of dual-purpose spectrometer is by
Patankar (15), who also presents some semi~-quantitative information
on noise in single-klystron systems, showing that his system's
sensitivity is very close to the theorctical valuc given by
Feher (16) and attributes the discrepancy to the poor noise
figures of the mixer crystals, and not to two successive stages
of frequency changing incurring 13 dB of noise figurce degradation.

A short letter by myself, D.R. Mason
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and J.S. Thorp was published (17) to point out some of the
fallacies in the argument of Buckmaster and Dering.
4,7 Possibilities of extending the principle to
70 Ge/s
The attractions of a single~klystron
system lic in the low powers needed, the extremely high IF
stability, and the need for only one klystron instecad of two.
The principle becomes increasingly attractive as the microwave
frequency is increased. A single-klystron superhet spectrometer
has been designed and operated at 70 Gc/s, the only microwave
source being a 30 mW roflex klystron operating at 35 Gc/s. This
design is described in Chapter 6.
4,8 Survey of superheterodyne spectrometers
Though descriptions of the major
superhet spectrometers were thought to he superfluous to this
chapter, references (19) to (32) are included in order to collate
the sources of some very interesting superhet designs, developed
since England and Schneider (18) described the first in 1950.
4,9 Low-level conversion theory for point-contact

diodes

Having discussed the action of the
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superhet it is now useful to see how the microwave diode works
in its various roles, The simplest operation it performs is that
of low-level detection (demodulation) of an amplitude modulated
RF wave.

It is well known that the
characteristic of a point-contact diode can be represented, over
a small range near the origin, by a Taylor series ending at the

sguared term:

,
O -t BTN L I
I—Io{d]?]o (i uo)+2' (& uo) . (1)
o]

=

o
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At the moment the magnitudes of the coefficients are unimportant
and the equation is thus simplified to:
I=1 +K(E-5)+K(E-E)° . (2)
o 1 o 2 o]
Suppose an amplitude modulated wave given by:

=8 +C(l + kesin > t)esin w t (3)
o S c

is incident on the diode. EO and IO specify the DC operating
point. C is the carrier amplitude and Coc its angular frequency;
k is the modulation factor and W the modulation angular
frequency. Equation (3) can be expanded into:

E - Eo = C(sinuét + (k/2)°cos(mc - ws)t - (k/2),cos(mc+ug)t),(4)
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which shows the equivalence to a carrier and two syumetrical
sidebands. Equation (4) is now substituted into equation (2) and,
using the common trigonometrical identities, becomes:
I=1 + ch(Slnu%t + (k/2)°cos(&% - ws)t-(k/Z)ncos(wC + u%)t)
_ 2 2
+ KC /2 + (x°/k) - (/2 + ¥ /4).cos 2w t

2

-(k"/k).cos 2agt

| +(k2/8)(cos(2mc + 2w )t + cos(2u - 20)t)

] +(k/2)(sin(2a% - ws)t + sin(EQE +cos)t)

(5)

+Kkesinw t
! s

s.

It is the squared term in equation (2) which is responsible for

the actual conversion operation. Three frequencies are incident;
squaring these individually produces the harmonic terms in
2(00, (2(0C + 2cos)e It is the cross-product terms produced in
squaring which give rise to the other terms, and this is the true
conversion process. The following distinction is stressed here
as it occurs frequently in the mathematical analyses:

harmonic generation is produced by the incident frequencies

being raised to a power n, n being the harmonic number;
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conversion and mixing are results of the cross-product

terms between the input frequencies.

Thus, by making the input to the
amplifier following the diode frequency-selective, any one of
the terms in equation (5) can be amplified, the other terms being
filtered out. For operation as a simple detector for the amplitude
modulated RF input, the signal output from the diode would be
K Cak.sincu To
2 5§

4,10 Amplitude modulation using a microwave diode

A statement can usually be found in
a microwave textbook to the effect that if three frequencies and
a non~linear element are given, any two of these frequencies can
be combined to give the third frequency (33). Mathematically this
is easy to confirm, but exactly how it happens in practice is
often a very complex problem. Chapter 3 has already suown the
basic principle by which a microwave diode could act as a voltage-
controlled attenuator (modulator) and has shown that the modulation
efficiency is only good for very low incident power. However, the
transmission crystal modulator of section 4.3 operates with the
full klystron power incident on it; the modulation efficiency is

very low but does not increase if the klystron power is reduced,
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50 that the process of modulation must be different under 45 iic/s
drive from that at DC.

A microwave diode, under self-bias
conditions due to a microwave field, assumes a reverse bias so
that the instantaneous operating point lies for some 90,5 of the
time in the reverse region of the characteristic (34). Thus it
is reasonable to assume that it is the reverse characteristic
which is dominant in the modulation process. The DC characteristic
of the diode used in the modulator is shown in figure 5.
Heasurements made on the reverse portion showed that its shape
was almost a true exponential function, and its equation was
derived, postulating an arbitrary opcrating point of

(=5 volts, =-9.6 mA), and is given by:

I = 9.6 x lO_Baexp ~(5 = V)!
.47 | . (&)

This can be simplified tos:
I =1 cexp(-q(V_=-V
poexpl-alVy ) ), (7)
where Ip = 9.6 mA, VP = 5 volts and q = 0,68 (volt)mlc

Using the series expansion for an exponential function, this becomes:

_ ~ ~ 2 e L (D TN
I= Ip(l q(vp V)+(q /2)(vp v} (q /6)(Vp V)7 ceoe)e (8)



Figure 5,

Characteristics of the modulator diode

X axisz 1 volt per division

Y axis: 4 mA per division
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The diode is subject to two sinusoidal frequencies, Vosincuct
as the microwave field and Vssinznst as the 45 Mc/s modulation

signal. The resultant signal is therefore:

V=V +Vsinwt+ Vsinw t . (9)
1Y) c c s 5

This voltage is time~symmetrical about Vp, so that (V - Vp) of
equation (9) can be substituted fo (Vp - V) of equation (8)
without any changes of sigh. As yet, no assumptions can be made
as to where the expansion can be truncated. (Observations in
Chapter 6 show that it cannot be truncated below the fourth
power term). Substituting equation (9) into equation (8) gives,
after simplification and rearrangement, the equation (10) s..own
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 E; the terms H are just detectable -
the terms [ are not. As a result, the spectrometer and superhet
are virtually unaffected by the many modulation products of the
transmission crystal modulator. Harmonic terms of L, are dealt
with in Chapter 6.

This treatment is not a variant

of the usual high-level conversion mathematics (35) which assumes
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true zero-bias operation where the forward and reverse
characteristics are equally important. This attempt to bring
the theory to fit the experimental conditions goes further than
the average textbook, but is no nearer being an exact description
of the modulation process.

Notice that the coefficients of
terms in ® and @y 2cqc and Zws, W, + 2&)5 and 2coC + W g
etc., are all symmetrical in their constants, q's, VC'S and Vs's,
and this shows up where the interpretation fails. Because of this
symmetry it could be expected that the ratio of the amplitudes
of a;c to 2 a% would be the same as the ratio of the amplitudes
of w to 2cos if VC and VS were made equal. This is not the case
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 24 dB to the
third harmonic. This contrasts with typleal figures obtained
from microwave diode harmonic generators (36) of 21dB to the
second and 40 dB to the third harmonic of the microwave frequency.
The explanation of this must be that the diode presents a totally
different characteristic to the microwave frequency from that

which it presents to the modulating frequency, and no mathematical
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approach can be satisfactory if both signals are applied to the
same equation for the characteristic.
No quantitative data can be given
even on the relative magnitudes of the coefficients in equation (10)
because all the detection systems available in the laboratory
utilise a microwave diode and this would mix all the components
of equation (10) still further, introducing more coefficients
due to its own particular characteristic. A microwave spectrum
analyser would be able to evaluate the conversion loss to the
various harmonics of 4oc and perhaps give some indication of the
diode characteristic as seen by the microwave field.
4,11 The balanced mixer and its performance in
this superhet
Superheterodyne receivers use

balanced mixers because (a) the local oscillator can be very
loosely coupled to the signalj

(b) no local oscillator power is radiated
into the signal arm, and

(¢) local oscillator noise is balanced
out. These points are explained in Chapter 3 and in section 4.12.

When a balanced mixer is operated
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under optimum conditions (section 4ﬁ5) the local oscillator
signal is large and the mixer diodes are switched from ON to OFF
by this. The diode resistance, plotted as a function of time,
becomes a square wave of frequency equal to the local oscillator
frequency and thus contains only cdd harmonics of the fundamental
(37) and can be written:

P(t) = ho+hl( cos wt = (1/3)ecos 3wt + (1/5).co8 5wt «oo) & (11)

The local oscillator signal in the single~klystron receiver has
most of its power at the signal frequency @, and if the
frequencies a:c, 2R + W are applied to a switched mixer acting
at u)C, there is an output at a)s, © 2&)0, and sum and
difference frequencies but no distortion terms, i.e. no harmonics
of &Jso This contrasts with the low-level conversion case of
equation (5) where a term in 2(08 appears and is down by a factor
of only k/4 on the fundamental.

It 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 in their squarc-law region. There are two ways of testing
which metiiod is operating: (a) if mixer. output signals are

present at 2(08 then tiie square~law action must be operative;
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(b) if the carrier is suppressed
from the local oscillator signal and no change for the worse is
observed, again the square-~law action must be operative., Both of
these tests have. been tried; both give the same result. The
modulator was driven at 22.5 lc¢/s and an output from the mixer
at b5 Mc/s was just visible above the noise. This could be
produced by distortion in a square-law mixer or by mixing of the
terms O and A (equation (10) ) in a linear switching mixer.
However, suppression of the local oscillator carrier effected no
change in performance and this proved that the mixer was operating
in its square~law or low-level conversion state.

4,12 An improvement to the design
The carrier was removed in test (b)

above by careful adjustment of a high-Q wavemeter cavity. A more
elegant method of carrier suppression which also gives more
efficient 45 Mc/s modulation uses a balanced modulator. This
consists (38) essentially of a balanced mixer used in reverse.
The two reversed polarity crystals in the terminated 'I-plane arms
are driven i parallel from the same 45 Mc/s$ signal generator.
The microwave carrier enters at the H-plane input and is reflected,

modulated, from the terminations. Thc two waves approaching the
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T-junction are thus:

i : 3 - - \ 3
vy K(Slnubt + (k/2)°cos(o,,c ug)t (k/?,.cos(a% + ms)t)

and v

5 E(sinnét - (k/2).cos(wb -a%)t + (k/2)ocos(wc +<os)t) ;

the sideband terms being of different polarity 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 is thus:

V = Kkecos(w -0 )t = Kk.cos{w +w )t .
C S C S

The transmission crystal modulator
was removed and the balanced modulator inserted into the local
oscillator waveguide immediately after the attenuator. The
improvement in performance is probably due to the increased
sideband power at (35 + 0.045) Ge/s. Carrier suppression appears
to be about 40 dB and is 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 isolation of the
H and E-plane inputs to the balanced mixer the coupling of the

local oscillator to the signal is very loose and virtually none
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of the local oscillator power can escape from the other input.
Thus the mixer acts as a buffer stage between the spectrometer
and the local oscillator signal. Noise, present in the local
oscillator signal, will reach the crystals in antiphase and beat
with the true local oscillator frequency which is also in
antiphase, producing in-piase II' noise, (%9). Because the crystals
are of reversed polarity, thesc I¥ 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 lMeasurements at Microwatt Power Levels

In Chapter 1 the importance of
relaxation time in electron spin resonance generally, and in
maser materials in particular, was outlined. The comnonest
techniques for 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 Dobrov and Browne (1) will
not be considered since it introduces sound waves as the energy
source that induces electron spin transitions. Only those methods
which use a microwave field to induce the transitions will be
considered). The outstanding feature of these methods (2), (3),
(4), (5), (6), is the microwave power requirement. In each case
this power must be sufficient to saturate the spin system; at
frequencies up to 35 Ge¢/s this is no problem, but above this the few
valves giving enough power are extremely expensive, and as a result
no direct measurements of spin-lattice relaxation time have been
made above 35 Gec/s. The pulse saturation method of Davis et al. (4)
has become accepted as the standard technique for the measurement
of Tl, but it has the disadvantage of needing three klystrons

in its conventional form and two klystrons if a single-klystron
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superhet receiver (7) is used. In the pulse saturation method,
the spin system is completely saturated by a pulse of microwave
energy and the recovery of the system to a state of virtual
thermal equilibrium is observed by the increase in absorption
of a very small microwave signal at the same frequency as the
pulse and derived from a reflex klystron, normally referred to
as the ‘'monitorf klystron.

A method has been developed which
maintains the important advantages of pulse saturation (Chapter 1)
but requires the use of only one low-power reflex klystron. The
basis of the method lies in the simple relaxation theory for a
two~level spin system.

5.1 Theory

Symbols used:

Nl ¢ population of level 1 at thermal equilibrium;
N2 ¢ population of level 2 at thermal equilibriumg;
ny : instantancecous population of level 1;
n, ¢ instantancous population of level 2;
An ¢ instantaneous population difference; («Sn:‘nl ~n2);
Tl ¢ spin-lattice relaxation time;

Wi f relaxation transition probability from level 1 to 2;

w12 ¢ stimulated transition probability from level 1 to 2;

>
=

population difference at thermal equilibrium;(AN::Nl - NZ)'



This notation is that of Siegman (8).
For a two-level system in thermal equilibrium only the relaxation
processes are active, and the following rate equations, describing

the rates of change of the populations ny and n,, can be written:

dnl/dt = =Wy oely F Woel, s
(1)
dnz/dt = Wpoelly = Wy el o
In thermal equilibrium, ny = Nl and n, = Nz, therefore by definition:
dn,/dt = dn,/dt = O . (2)

By taking the equations (1) and subtracting the second from the
first, a single rate egquation for the population difference Ln

can be written:

It

dpn/dt = dnl/dt - dna/dt 2(w21,n - .nl)

2 12

il

(w21 - wlz)N - (w12 + wzl)An ,(3)

The exponential nature of the relaxation process is easier to

recognise if equation (3) is rewritten as:

san = -(An - &N ) (4)
at Tl
where Tl is defined as:
-1
Ty = (upp +uyy) - 5

The solution of equation (&) is: -

An(t) = AN + (Ano - AN),exp(-t/Tl) , (6)
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where Ano is the value of An at time t = O.

If a microwave signal at the
resonance frequency is applied to the system, transitions in
both directions will be stimulated by it. The relaxation processes

will continue, but a new pair of rate equations must be written:

i

dnl/dt “W, o ell, + W oI, = W. _.n. + W._ .n

12°71 7 fartte ToMiecti T a1t '
(7)

I

- Y -
dna/dt Wypelly = Wy oD, + le.nl le'nZ ,

thus accounting for the stimulated and the relaxation transitiocns.
The important things about the stimulated transition probabilities

Wy, and W,, are: (a) they are equalj;

(b) thiey are directly proportional to the incident

microwave power.

N L e ©.t. . . Subtraction of the equations (7),

as before, gives a single rate equation:

dAn An - AN 2W. _.An . (8)
oo R Sl
dt T,

This equation can be rearranged into the form:

-1
A - i\ o . o
apn AR (v 20,.1) AN N C):

-1
(1/Tl + 2w12)

By comparison of this equation with equation (4) it can be seen
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that the solution of equation (9) is exponential in form and of

time constant C given by:

- -1
C = (1/ll + 2w12) o (10)

The magnitude of W._, at resonance is determined by the incident

12
microwave power level, so that C becomes power-dependent when

w12 is comparable with l/Tl. If the experimental conditions can

be arranged such that the microwave -pawer is. large enough 'bo ;produce
an accurately mcasurahle power absorption but yet is small enough
for W , to be very small compared with l/Tl, equation (10) can be
simplified to:

C =1 ‘ . (11)

The accuracy to which a measured value of C gives T. depends

1

upon how small le is compared with l/Tl’ 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, this was not found to be necessary, as is explained later.
FEquation (9) is the basis for the

new method described here; the manner in which the spin systen

responds to a low-power microwave pulse is given by this equation

provided that the spin-spin relaxation time is very much less
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than Tl° This contrasts with the pulse saturation method where it
is the recovery of the spin system from a saturating pulse which
is observed. This new method will be referred to in the succeeding
descriptions as the pulse response technique. A paper describing
the technique and its uses, written by myself and J.S5. Thorp, is
to be published in the British Journal of Applied Physics (9).

The spin systems to which this method has been applied have not
been of the simple two-level type which this theory covers.
However, the examination of multi-level systems by this method
involves the same modifications as in the pulse saturation method,
i.e., for an n-level spin system there are n - 1 rate equations,
leading in turn to n - 1 relaxation times (10). For the 4 level

system of the Cr3+

lon there are thus three possible relaxation
times but in practice the time-constants and the amplitudes of

the signals corresponding to these relaxations are such that only
the true spin-lattice relaxation is visible. Mason (11) has
observed two exponential signals on various occasions using the
pulse saturation method; the true spin-lattice relaxation is always
the longest time-constant present, and this is the main reason for

taking the measurements for T. from the “tail® of the displayed

1

curve. In this way all the faster relaxation processes have died
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away, leaving only the true spin-lattice relaxation.
52 The experimental method

At 35 Ge¢/s a conventional bridge
spectrometer with crystal-video detection was uscd. 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 (Elliott type 8RK19) is
grid-modulated to produce RF pulses with a mark-space ratio 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 1O,MW°

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 is-the pulse waveform off resonance. The lower trace,

obtained with the magnetic field on resonance, shows the power



Figure 2.

Receiver output display
Upper trace : off magnetic resonance.
Lower trace % on magnetic resonance,

0.2% Cr ruby at 4.2°K. Horizontal scale 2 msec per division




absorption decreasing with time. All the present measurements
have been made on ruby and sapphire specimens. The power dependence
of C (section 5.1) has becn observed but it was found unnecessary
to plot C against power and extrapolate to zero power because
there was an appreciable rangé (up to about BOO’FM) over which C
was independent of power and over which the agplitude of the
response signal was large. The pulse length must be much greater
than the time constant under investigation to ensure maximum
signallamplitude and to display the baseline, an important feature
in the interpretation of the curve. The interval between the
pulsus is made sufficiently large to enable the spin system to
regain thermal equilibrium before the arrival 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 T,. '
5.3 Results

Measurements have been made on
different transitions in a selection of ruby and sapphire specimens
the relaxation behaviour of which had been previously examined by

the pulse saturation technique (11), (12)., Tigurc 3 shows three

of the semi-logarithmic graphs obtained by the pulse response

s
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Figure 3.

Relaxation data derived from pulse response
traces

4;= -3/2 to -1/2 transition, 0.2% Cr ruby. T, = 12,0 msec.
Xt =1/2 to +1/2 trensition, 0.052% Cr ruby. Tq = 24.5 msec.
©: =1/2 to +1/2 transition, 0.2% Cr ruby, T; = 3.5 meec.
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method and their linearity shows that an exponential decay was
being observed. A comparison of the pulse response and pulse
saturation data is made in figure 4. Over a range of rclaxation
times from 1 msec to 35 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 (13).
5.4 Important points of experimental technique

In order to make effective pulse
response measurements several experimental paramefers require
close control. The most important of these¢ ar. frequency deviation
and amplitude sag during the RF pulse, bridge balancing and the
choice of receiver. These arc considered below.

5.4.,1 The pulsed klystron

During the RF pulse the klystron
frequency must remain constant to within a fraction of the
linewidth of the transition under investigation. Grid modulation
generally produces some frequency deviation and the characteristics
of two different makes of klystron were investigated to find the
magnitude of any frequency deviation present. The first was a
35 Ge/s reflex klystron type R5146 (1.1.I.) used in conjunction

with a power supply type Wi 80 (iicrowave Instruments). The



Relaxation time at

Sample Ton and 25.5 Ge¢/s. (msec)
transition Pulse Pulse
response saturation
Fe3+
1/2 to -1/2 1.1 0.95
H1
Cr3+
1/2 to -1/2 5.9 5.7
Cr3+
G2A 1/2 to =1/2 20.0 22.0
Cr3+
33574 1/2 to -1/2 ok, 5 24,0
Cr3+
-1/2 to =3/2 25.3 28,4
L2 1/2 to =1/2 35.0 3743
3/2 to 1/2 19.1 17.6
Cr3+
~1/2 to =3/2 12.0 15.0
35k 1/2 to -1/2 3.5 ko
3/2 to 1/2 7.8 6.8
Fe3+
Sk =1/2 to =3/2 3.7 2.0
1/2 to -1/2 2.2 1.9
Figure 4.

Comparison of the relaxation time results obtained
from the same specimens by the pulse response and

the pulse saturation techniques. All measurements

taken at a polar angle of 90 and at a temperature
of L,2%K,
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34;36{
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Figure 5,

R5146 klystron grid characteristics
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Figure 6,

8RK19 klystron grid characteristics
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strongest CW operating mode was selected and, with the reflector
voltage constant, the RFF power output and frequency were measured
as functions of the grid-to-catiode voltage, the results being
shown in figure 5. The power rises gradually from zero and its
variation becomes linear as the normal CW operating point at

~120 volts is rcached; the frequency falls linearly by some 50 Mc/s.
This procedure was repeated with a second klystron, type 8RKL9
(Elliott), again used with the WE 80 power supply. These
characteristics are shown in figure 6. Oscillation begins suddenly
at a grid voltage of =40 volts. The power then rises linearly to
the CW operating point at ~30 volts, the frequency remaining
constant. The threshold value of the power output, measured on a
thermbsbor Jorigge, was 3.uW. Bor.a closer exsginaiban.of Lbe
threshold the power output was displayed on an oscilloscope

while the timebase sawtooth voltage was applied to the klystron
grid. This gave a characteristic identical to figure 6 and showed
that the switching time of the 8RK19, at -40 volts, was Ooﬁ‘ﬂsec,
independent of the slope of the input sawbooth. Voltage pulses
with a risetime of 10 nsec were then applied to the grid. The RF
pulse risetime remained at 093/Asec, showing that the switching

was initiated only by the level 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 in the
performance of the two klystrons appears to arisc from differcnces
in their mechanical construction and electron-optical properties (14).
“ith the 8RK19 t..e grid pulse necessary to produce 3 nd of RF
pulse power was about & volts. Larger volatge pulses produced
larger RT powers, but with fractionally greater frequency deviation.
The input pulses were obtained from a commercial pulse generator
(Solartron type GO 1101) and in order to maintain a 10} duty
cycle when using pulse lengths of about 80 msec, a separate
transistor multivibrator was constructed having two preéeb
periods, one of 120 msec and the other of 720 msec. The first was
used for initial adjustments because it produced a more acceptable
trace for prolonged viewing, and the second was used for the
actual measuremertt, -This muIidvibrador was wsed to“trigger the
pulse gencrator. With R¥ pulse lengths in excess of 80 msec
amplitude sag during the pulse became very large; this arises
from the resistance~capacitance coupling between the modulation

input socket on the power supply and the klystron grid. However,
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the 80 msec upper limit of pulse length was quite adequate for
the present measurements in which relaxation times up to 35 msec
have been observed. l'or materials with longer relaxation times a
greater RF pulse length would be necessary.

5.4.2 Bridge balancing

In both the conventional pulse

saturation and the pulse response technique the accuracy of
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 method
is identical to 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 assembiy are displayed on the oscilloscope. The bridge is
balanced by adjusting the E and H pistons using the method
suggested by Cullen (15). At the balance point the pulses disappear
completely from the display. A small amplitude unbalance is then
introduced to select the absorption component on resonance. As

this unbalance is introduced the pulse reappears on the display,
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but it always has a curved top. This indicates that phase
unbalance has also been introduced. The ¥ - H tuner is designed
to reduce to a minimum the interaction between phase and amplitude
adjustments; this slight interaction becomes noticeable in the
pulse response method. The pulse curvature can be removed by a
very small adjustment of the phase piston of the & - H tuner. Thus
the pulse response method allows very accurate bridge balancing
and equally accurate compensation for the interaction between the
phase and amplitude adjustments.
5.4.3 RF sag compensation

Since the pulse response measurement
is of the change of absorption with time it is important that the
RF amplitude should be constant throughout the pulse. With the
cirvuitry 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 RV pulse, which is displayed on the pulsc
waveform monitor, is fed to onc 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
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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 diffcerential amplifier technique is
not recommended for sags exceeding about 5% because the RF
amplitude variation affects the relaxation processes, the results
of which cannot be removed by simple algebraic subtraction.
S.it.4t The crystal-video recciver

For relaxation studies on ruby at
ligquid helium temperatures a crystal-video receiver is well
suited for the pulse responsc technique; high sensitivity is not
of prime importance and the signals are at least 10 dB above

3

peak noise with specimen volumes of about O.1 cm”. The technique
does not require a receiver with a large dynamic range so that
relatively large gain can be combined with good pulsc handling
caﬁability° The reeeiver 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 superheterodyne receiver could

be used.
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5.4.5 Alternative pulsing systems

Grid modulation of the klystron
is only suitable as a method for obtaining RF 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 lMc/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 opcrate’the klystron in the CW
morde and use an alternative method of producing RF pulses. The
switching propertics of microwave diodes are well known (16), (17),
and are outlined in Chapter 3 and Chapter 4. The most important
parameter of the diode in this context is the dependence of the
ON/OFF ratio upon the incident RF power. A 30 dB ratio is possible
for powers below about 1 mW. This ought to be a sufficient
isolation for use in the pulse response method if the diode is
placed between the attenuator and the hybrid T. A solenoid-operated
ferrite switch (18) could be uséd but would require a large
switching current and, because of its self inductance, would have
a much slower switching time than both the dicde and the klystron.

An alternative approach to the problem



5.16

is to run the klystron in the CW 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 kept 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 tight enough for the switching currents in the
auxiliary coil to induce current surges in the solenoid which were
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 are no problems of superconductivity quenching.

5.4.6 Direct coupling to the klystron grid

For those measurements where klystron

pulsing is the best method it is probably worth the extra trouble
to provide some form of direct coupling to the klystron grid in
order,to be able to produce any length of RF pulse without any

sag. The obvious way to do this is to build into the klystron
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Zener diode circuit
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power supply a transistor monostable circuit having a wide range
of pulse lengths. The output of the circuit would need to supply
the 8 volt pulses necessary to overate the valve, and would be
connected directly between the cathode and the grid. The circuit
would be most conveniently operated by small bLatteries mounted,
with the circuit, inside the power supply unit. Good overall
insulation would be necessary because the entire circuit would be
floating at =2 kV, but this should not be difficult. The coarse
and fine pulse length potentiometer shafts would be brought out
to tie front panel by means of extension rods made of tufnol or
bakelite. The only signal required by the monostable circuit
would be a triggering pulse supplied from an external source,
A coaxial socket mounted on the klystron power supply would be
needed for this purpose, the DC blocking condenser between this
and the monostable input being at least 2.5 kV working.

Another method of achieving direct
coupling to the klystron grid has been suggested (19). This is a
very elegant method and uses Zener diodes; the basic circuit is
shown in figure 7. The 2 kV potential on the grid is bridged to
earth by a chain of ten 200-volt Zener diodes. The pulse input

is at the earthy c¢nd of the chain, across the 8.2 K. ohm resistor.
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If a negative pulse (with respect to earth) is applied at the
input the current down the chain is increased but, because all
the diodes are reverse bilased to Jener breakdown, the voltage at
the klystron grid is unaffected. If a positive pulsc is applied
at the input it travels along the chain virtually unattenuated
and reaches the klystron grid. Thus, although the Zener chain is
used to step down the voltage on the grid, it will act as a direct
coupling to the grid for positive signals originating at the
carthy end of the chain., The bleeder current through the diodes
is about 1 mA and the bypass condensers counteract the poor
high-frequency response of the Zener diodes. The condensers are
all of the same value and are chosen to give a good pulse shape
at the grid. Some minor modifications to the klystron power
supply would be necessary, including the disconnection of the
existing grid supply and the fitting of the protection diodes to
prevent the grid becoming positive with respect to the cathode.
The grid supply is then derived from the 3 kV power pack feeding
the Zener chain, the potentiometer giving control of the grid bias.
5.5 Discussion
The results given above show that

when the pulse response method can be used as an alternative to
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the conventional pulse saturation technique comparable accuracies
can be obtained. There are three salient features of the new
method which influence its range of applicability: wicrowave
povers in the microwatt region are adequate because the response
of the spin system to a small disturbance is being observed;
resulting from this there is no need for receiver suppression
(section 4.4) during the pulse; the naturc of the optimum RF pulse
required is determined by the linewidth and relaxation time of

the transition being studied.

In the centimetric wavelength 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
lO/usec) at the beginning of the 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 RF switching diodes are

available and can be used with the pulse response techniquec.



5.20

Several of these have nanosecond risetimes and, if used in
conjunction with a CW frequency-stabilised klystron, should enable
very short R¥ 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 on fast-relaxing centres.

The power level required in the pulse response technique is well
below the dissipation limit of the switching diodes and the
control of RF 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 of a backward-wave oscillator) appears to be the
only method for producing RF pulses and this limits the range of
materials which can be examined to those having overall linewidths
of at least 30 Mc/s and relaxation times greater than about 0.5 msec
at 4,2%. As Chapter 7 shows, the low power requirement of the
pulse response method enables harmonic generation to be used to
extend the measurcment range to the shorter millimetric wavelengths

where the few valves available which give sufficient power for
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pulse saturation arc extremely costly. This technique should
enable studies on the frequency and magnetic field dependence
of relaxation time to be made over a large range, as Chapter 7
shows., The use of a superconducting magnet can, however, create
some cryostat Jesign problems if measurements arc required at

temperatures above 4.2°K.
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Chaptér 6

The 70 Gc/s Single-Klystron Superheterodyne Spectrometer

Because of the very low power level requirement for
a local oscillator signal in the 35 Ge/s single—klystron superhet
it was decided to try and operate a 70 Gc/s superhet working on
the same general principle. Power could be derived by harmonic
generation from 35 Ge/s and a 70 G¢/s diode could be used as a
sideband generator either in a reflection or a transmission mode.
The harmonic generator available for this work was manufactured
by Microwave Instruments Ltd., and consisted of a microwave diode
in a transmission mount followed by a 35 to 70 Gc/s taper acting
as a high-pass filter.

6.1 The harmonic generator

There are four main types of

microwave harmonic generator, each type being characterised by
the nature of the non-linear element used. The first and commonest
type is the microwave diode (1), the non-linearity of which is
described in Chapter 4, The second type uses a discharge in an
inert gas at pressures up to about 40 mm of mercury (2), (3), (4).
The third type uses a high-pressure mercury arc over a small gap
between a tungsten wire and a mercury pool cathode (5), (6).

Extensions of this method using solid platinum and calcium as
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cathode have also been successful (7), (8). Ferrites have also
been used as mixers and harmonic generators. These are considered
briefly in section 6.6,

The microwave diode harmonic generator
only will be considered in detail as it is the type which is used
in the prescnt work. If the diode is connected to a load
resistance, current flows through the circmit due to the presence
of the microwave field. Using the same sort of analysis as that
which led to equation (10) in Chapter 4 it can be shown that
harmonics of the microwave frequency are generated, their intensity
depending upon the curvature of the diode characteristic. The
apparatus used to produce 70 Ge¢/s power from a 35 Ge/s reflex
klystron is shown in figure l. The phase shifter acts as a
matching device between the klystron and the diode and has been
found to be very effective in increasing the efficiency of second
harmonic gencration. The fundamental frequency is not propagated
more than a few millimetres in the higher frcquency waveguide; it
forms an evanescent mode and is heavily attenuated.

6.2 Sideband generation
It was originally intended to

generate the 45 Mc/s sidebands by using a 70 Ge/s diode in a
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similar way to the transmission crystal modulator in the 35 G¢/s
version. However, examination of equation (10) in Chapter 4 shows
that the frequencies 23%, ZQE 0y 2“% =t are generated by the
modulator, and as these are the frequencies required for 70 Ge/s
operation, it was decided to build a complete 70 Gc/s
superheterodyne spectrometer using a single 35 Ge/s reflex
klystron and the transmission crystal modulator. Iigure 2 shows
the component layout. The load resistance of the diode is replaced
by the 45 Mc/s modulation source. This must alter the conversion
efficiency to the second harmonic since it had been found with

the apparatus of figure 1 that the second harmonic power could be
varied over a range of some 3% dB by altering the load resistor,
maximum power being produced with a 100 ohm load. This observation
is in agreement with that of Anderson (9). Open-circuiting the
diode reduced the harmonic power by about 1.5 dB; this would
appear to be in direct disagreement with the mathematical proof
by Page (10) that harmonic generation is impossible unless there
is some DC dissipation. The operation of this diode under
conditions of infinite extérnal load must be attributable to

some leakage paths in the diode cartridge or mounting hlock,

Connecting the RF signal generator to the diode produced a

T
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2.5 dB drop relative to the harmonic power with the 100 ohm load.
Attempts were made to effect an improved impedance match between
the signal generator and the diode, but the figure of 2.5 dB
could not be reduced,

6.3 The balanced mixer

No 70 Ge¢/s balanced mixers are
available in this country so a "laboratory equivalent'! was
assembled, using a matched magic T and two tunable crystal
detectors. To tune the detectors each was put in turn on one of
the H~plane arms of the T, the opposite arm being terminated in
a ﬁatched load and 70 Gc/s power at the working frequency fed to
the junction through the third H-plane arm. Having tuned each
detector, the tuner adjustment was locked.

The crystals in the detector
mounts are of the same polarity so that in order to add the IT
signals which arc in antiphase at the crystals, a push-pull input
transformer had to designed to feed the grid of the first valve
of the II" amplifier. This input circuit is shown in figure 3.

The inductances to provide the low resistance DC path for the
crystal currents (section 4.5.1) are as follows:

Ll and Lq ~ 45 turns of 4O SWG wire on a 0.25 inch diameter
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paxolin former. The number of turns is adjusted to give self-

resonance at 45 Mc/s.

2

paxolin former. The number of turns is adjusted to give self-

L, and L, - 80 turns of 46 SWG wire on a 0.25 inch diameter
3

resonance at 45 Mc/s.

L5 primary - 6 turns of 24 SWG wire on a 0.875 inch diamcter
polystyrene former. The winding is centre-tapped.

L5 secondary is wound on the primary winding and is 9 turns
of 24 SWG wire. L5 is tuned to 45 Mc/s under operating conditions
by means of the 5 pl trimmer.

6.4 The IF amplifier
This is identical in design to the
amplifier used on the 35 Ge/s version. It is a completely
conventional design, thc first two stages being a cascode circuit.
6.5 Operation
Using the equipment shown in figure 2,
tests were carried out while feeding a 45 Mc/s carrier, 304
amplitude modulated at 400 ¢/s, into the transmission crystal
modulator. A rather noisy 400 c/s signal was immediately obtained

at the superhet output. The 70 Gc¢/s output was then maximised

by adjustment of the phase shifter and by trying different
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high-quality tungsten-germanium diodes as modulators. A variation
of some 6 dB in harmonic power was produced by adjusting the
position of the diode cartridge inside the mounting block.
Maximum output was never achieved with the cartridge seated
properly in the mount. A Mullard GEM 9 diode was found to give
the highest harmonic power.

There was some pick~up of 45 Mc/s
signal by the superhet due to slight radiation from the modulator;
this was some 20 dB down on the maximum "true" signal and could
be reduced to zero by careful orientation of the IF amplifier,

All the components of the spectrometer functioned normaily.
Removing the local oscillator supply by means of the attenuator
killed the IF signals completely, showing that true
superheterodyne action was being observed. The 400 ¢/s component
was removed from the modulator signal and the klystron was grid-
modulated by a 1000 ¢/s square wave. This produced complete ON/OFf
switching of the klystron (sce Chapter 5). Very good signals were
obtained at the superhet output and again were correctly dependent
upon bridge balance and local oscillator level. However, the best
signal~to-noise ratio which could be produced on this signal was

about 10 dB with the microwave bridge almost completely unbalanced.
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This figure of 10 dB thus represented the highest ratio possible,
This was verified by a trial run at Liquid helium temperature
with a good ruby specimen. No absorption lines were visiblej; the
noise level was too high. Largest outputs from the superhet were
obtained with no attenuation in the local oscillator signaly this
indicated that the power level of this signal wgs not yet large
enough for efficient mixer operation. Note that a 6 4B
directional coupler is used to extract the local oscillator
power, compared with a 3 dB coupler on the 35 Gc/s spectrometers
The effect of this is to increase the spectrometer signal and to
reduce the local oscillator power. No 3 dB couplers are yet
available at 70 Ge¢/s. The next requirement therefore, was for
greater local oscillator power to be achieved by more efficient
45 Mc/s sideband generation, and raising the question of diode
characteristics again. It was decided to find out how much power
was present at the second harmonic sidebands of the modulation
frequency, that is at the frequencies ch + 21% (equation (10),
Chapter 4). To do this the drive frequency to the transmission
crystal modulator was reduced to 22.5 Mc/s, the rest of the
system remaining unaltered. Under these conditions the superhet

output signals were at least 6 dB up on the best of the previous
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signals. This result is very interesting; subharmonic mixing,

as it is called,is well known (11) but it has always been thought
much less efficient than fundamental mixing. This may be a special
case, because the frequencies involved in true subharmonic mixing
arc ¢ and (ﬂc + 2!JS, The presence of these frequencies in

the 35 Gc/s signals has been observed in section 4.10, but the
intensity of the harmonic sidebands (ﬁc + 2'08 is very low. The
observed phenomenon of the intensity of the 2:08 mixer product
being greater than the g product could be explained if the
sidebund production and the harmonic generation took place
separately and in that order, but in that case the resultant
signal would be a 70 Gec/s carrier amplitude modulated at 90 Mc/s
and having no 45 Mc/s component. This does not agree with
observation and thus cannot be a valid analogy. To investigate
this anomaly further the 45 lMc/s input to the modulator was
replaced by a 400 ¢/s signal of the same amplitude and the

signal obtained from a 70 Ge¢/s crystal detector following the
modulator was fed into an oscilloscope and into a Marconi audio
frequency analyser. The audio output signal from the detector

was predominantly an 800 ¢/s oscillation; this could be seen

from the oscilloscope display. The frequency analyser showed
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that the component at 800 c¢/s was nearly 3 dB above the
fundamental 400 c¢/s component., The third and fourth harmonics
were both 30 dB down on the fundamental. Ixperimental
observations such as these can never be explained by mathematical
analyses involving the use of a power series for the diode
characteristic because such series (when used in this context)
will always be convergent and the second harmonic intensity will
never be greater than that of the fundamentnl. At present, the
problem remains unsolved. Hall and Schumacher (12) have used
simultaneous harmonic and sideband gemeration from 9 to 18 Ge¢/s
with 63 Mc/s sidebands using a mixer crystal but do not report
any experiments on subharmonic mixing.

Using the present system with
22.5 Mc/s modulator drive has proved successful in that 70 Gec/s
resonances have been observed, as figure 4 shows, but the dominant
feature of the design which appears to be preventing more
amplificatio; from being obtained is the lack of local oscillator
power. An interesting feature of this subharmonic mixing principle
is that there are no problems whatsocever over stray modulator

radiation being picked up by the superhet.



Figure 4.

An absorption signal as seen with the 70 Ge/s superhet
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6.6 Frequency doubling in ferrites
The fourth type of harmonic

generator utilises a ferrite as the non-linear clement. Mention
of this particular type has been left until now because it appears
that ferrite frequency doublers can attain the maximum possible
harmonic conversion efficiency. Page (10), in his mathematical
treatment of the generation of harmonics, showed that the n'th
harmonic cannot be generated with an efficiency exceeding 1/n2.
Thus the maximum conversion efficiency to the second harmonic is
-6 dB and to the third is -9.5 dB. Bearing these figures in mind,
it is interesting to compare the conversion efficiencies of the
various types of harmonic generator. In the list given below,
the measured efficiency is given after the harmonic number
followed by the maximum efficiency, given in brackets.

(a) Diode; 2nd harmonics: -21 dB, (-6 dBj, fundamental 35 Gc/s.

(b) Discharges; 3rd harmonic: ~-35 dB, (~9.5 dB), fundamental

% Ge/s.,
(¢) Arcy 9th harmonic: -90 dB, (-~19dB), fundamental 35 Gc¢/s.
(@) Ferrite; 2nd harmonic: -6 dB, (-6 dB), fundamental 9 Gc/s.
Types (b) and (d) require

fundamental input powers of several kilowatts; type (c) requires
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several watts, and type (a) operates below about 500 milliwatts.
Ferrite harmonic generators are described by Ayres et al. (14),
Douthett et al. (15), Jepsen (16), and Melchor et al. (17).
Refercnce (17) describes the device giving a -6 dB conversion
efficiency to the second harmonic.
6.7 Suggestions for further work

Subharmonic mixing appears to be a
very attractive proposition for this design and there seems to
be no reason why the system should not operate as successfully
as its 35 Ge/s counterpart if a 3 dB coupler could be used to
extract the local oscillator power. One way of investigating this
problem would be to reverse the two output connections from the
6 dB coupler so that more microwave power goes into the local
oscillator arm than goes into the spectrometer arm.

It is suggested that the design
be further investigated with the aim of reducing the conversion
loss of the balanced mixer crystals to the intermediate frequency
by applying an external DC bias to the mixer diodes (13). This
could be done by disconnecting the earthy ends of L2 and L5 and
connecting them to a voltage supply sufficient to produce about
0.5 mA forward bias to each diode., This may help to offset the

adverse effects of low local oscillator power.
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Chapter 7

The Pulse Response tiethod at 70 Go/s

7.1 Introduction
The pulse response method has been
used with great success at 70 Ge¢/s, microwave power being derived
from the FElliott 35 Ge/s reflex klystron by harmonic generation.
The spectrometer is shown in figure 1. The harmonic generator is
a GEM 9 mixer crystal, positioned in the mpount as described in
section 6.5 and working into an external load resistance of
100 ohms. The manufacturers of the harmonic generator quote a
conversion loss of 27 dB to the second harmonic; taus, using the
3 mW of available pulse power at 35 Go/s will give 6/LW of pulse
power at 70 Gc/s. The spectrometer uses 70 Ge¢/s components
throughout: the harmonic generétor, waveguide tapers, magic T
and detector were supplied by Microwave Instruments, Ltd., the
E -4 tune?, wavegulde bends and matched load werc supplied by
Mid~Century hicrowavegear, Ltd. 35 Ge/s stainless steel waveguide
was retained in the cryostat and was fed with 70 Gc/s power via
a section of waveguide taper.
7+2 Operation
The operation of the spectrometer

was identical to the operation of the lower-frequency version
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The 70 Ge/s pulse response spectrometer
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described in Chapter 5. Signals from the crystal-video receiver

were quite large and with very little noise. Figurc 2 shows a

typical display of an absorption linc, in this case a split

line, the two componcnts just overlapping. Pulse response traces

were obtained very casily and were not too noisy. If a source

power of 6/AW is assumed, the maximum possivle power at the

specimen is 2/uw and the maximum possible power at the detector

is less than l/uN. However, pulsc response traces such as that

shown in figure 3 were obtained.

7.3 Results |

The pulse responsc technique has

been used on many specimens and transitions which have already

been examined at 35 Ge¢/s using both the pulse response (1) and

the pulse saturation (2) technique. A complete table of all

results is given in figure 4, It duplicates some of the information

given in Chapter 5, but dircct comparison of results at the two

frequencies is very interesting. The pulse saturation results

were obtained by Mason (3) and by Kirkby (4). The energy level

nomenclaturc is again that of Schultz -~ du Bois (5). Relaxation

time measurements were made on those specimens and transitions

which had been investigated at 35 Gc/s purcly for the sake of



Figure 2.

70 Ge/s absorption line display
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assembling as complete a list of parameters for each specimen
as possible.
7.4 Discussion of results

(a) The ruby specimens G2A, 337A,
and L2 are good quality, i.e., they contain negligible quantities
of paramagnetic ions other than Cr3+° The results.for each
transition are much smaller at 70 Ge/s than they are at 35 Ge¢/s.
Excluding for the moment the +(1/2) to -(1/2) transition in
specimen L2, the relaxation times at the higher frequency are
smaller by factors ranging from 7.5 to 6.1. This corresponds to

"209 tO "206\

a frequency dependence range of f f , and since magnetic

field and frequency are linearly related, the magnetic field
dependence of relaxation timé lies between H~2.9 and H_2°6°

This is a markedly slower dependence than that predicted by

Van Vleck (6) of H-q, and lies between the values of H ™2 for a
non-Kramers salt (7) and H--LP for a Kramers salt (7). Donoho (8)
has given a theoretical treatment of the dependence of relaxation
time on polar angle and on wmagnetic field. In order to obtain a
true magnetic field dependence by experiment it is advisable to

use very dilute specimens (about 0.02%) and to take measurements

at a polar angle of 0° where there is least mixing of the spin
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A 70 Ge/s pulse response trace

~1/2 to +1/2 transition, 0.052% Cr ruby at 4.2°%K. Tl ® 3,2 mgec,



Relaxation time at Relaxation time at
Sample Ion and 25.5 G¢/s. (msec) 71 Ge/s.
transition  Pulse Pulse (msec)
response saturation Pulse response

Fer
1/2°to -1/2 1.1 0,95 4,3
HL
Cr3+
1/2 to =1/2 5.9 5.0 5.7
Cr3+
G2A 1/2 to -1/2 20,0 22,0 2,0
Cr3+
3374 1/2 to =1/2 2kh,5 24,0 3.2
Cr3+
~1/2 to =3/2 25.3% 28.4 4,2
12 1/2 to -1/2 %5,0 37,3 12.5
3/2 to 1/2 19.1 17.6 2.9
Cr3+
-1/2 to =3/2 12.0 15.0 -
354 1/2 to -1/2 2.5 4,0 3.1
3/2 to 1/2 7.8 6.8 -
Fe3+
Sl ~-1/2 to =3/2 3.7 2.0 -
1/2 to =1/2 2.2 1.9 -
Figure 4.

Complete table of results, including the 71 Ge¢/s
relaxation gimes. All measurements taken at a polar
angle of 90° and at a temperature of 4.2°K,
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states. Any cross-relaxation (9) will also mask the true field
dependence, All the transitions in the L2 specimen had a lineshape
similar to that of figure 2; the overall width of the double
line corresponds approximately to the overall width of an un-split
Cr line. The T, measurements on the -(1/2) to ~(3/2) and on the
+(1/2) to +(3/2) transitions were made at & position in the centre
of the overall lineshape, but the measurement on the +(1/2) to
-(1/2) transition was made on the peak of the intense, narrow
component and thus explains why the result for this transition
is different from the others.

(b) Specimeﬁ 354 is a high
concentration (0.2%) ruby, and shows that the magnetic field
dependence of relaxation time is drastically modified for non-

dilute systems.

(¢) Specimen H1 is doped with almost
3+

equal quantities of Cr and Fe3+, forming a system in which there
is very strong cross-relaxation between the two paramagnetic ions,
again destroying the standard magnetic field dependences.

Pulse saturation measurements at

9.3 Ge/s on the +(1/2) to +(3/2) and on the -(1/2) to -(3/2)

transitions in specimen 12 gave Tl values of 51.3 msec and
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86.2 msec (13). These results give a frequency depcndence of
f—o'74 and f-O.9l between 9.3 Ge¢/s and 35.5 Ge¢/s. At first these
figures indicate very poor agreement with the 71 Gc¢/s results,

but a more careful consideration shows that the 9.3 Ge¢/s relaxation
times are not inconsistent with the others., The effect of the DC
magnetic field is to 1lift the degeneracy of the lowest orbital
energy level of the Cr3+ ion. The degeneracy is not completely
lifted, however, and each energy state i1s a mixture of itself

with the others. As the magnetic field is increased, the degeneracy
is lifted further and the mixing of states decreases. Thus, as the
measuring frequency is changed from 71 Gc/s through 35.5 Ge¢/s to
9.3 Ge/s, the magnetic field changes from 30 kOe through 15 kOe

to 5 kOe, and the energy states become increasingly mixed. The
effect of this mixing is to decrease the measured relaxation time
and it is this which is being observed by the reduction of the

-2.9 ~0,91

frequency dependence from f to f

It is interesting to note that the
magnetic field dependence of relaxation time in a Kramers salt
has been shown to agree with the Van Vleck prediction by Davids
and Wagner as recently as 1964 (10). The ion used was Peo  in

potassium cobalticyanide, and this is claimed to be the first
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experimental verification of the Van Vleck theory.
7+5 General remarks
The increase in the measuring
frequency does not create any special problems in this method;
crystal-video detection is still used, and crystal noise becomes a
problem only when very low concentration specimens arc used. For
example: under AC resonance conditions (section 4.2.2) a 0.002% Cr
ruby gives signals about 10 dB above the RMS noise level (i.e. it
is better than a tangential signal) but the pulsc response traces
are not large enough to measure. This concentration appears to be
the limit of the present 70 Ge¢/s system, where the amplitude of
the signal and of the crystal flicker noise approach equality.
The only way to overcome this difficulty is to use superheterodyne
detection. For reasons given in Chapter 6, superhet detection
with a single-klystron system is not yet up to the performance of
a crystal-videco receiver but this seems almost wholly attributable
to the lack of source power, resulting in loss of local oscillator
power and reducing the conversion efficiency of the mixer.
However, suggestions have been made to improve matters.
7.6 A note on the use of 70 Gc/s crystals

The crystal detector mount type WO 948
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(manufactured by Microwave Instruments) is fitted with a non-
removable point-contact diode. These diodes are precision devices
and are extremely seusitive to physical shock and vibration. To
givé the user some form of control over the characteristics of
his diodes, the position of the germanium slab has been made
adjustable with respect to the tungsten whisker by means of a
minute grub screw and locking screw on the crystal mount.
Retraction and insertion of the slab by a fraction of a millimetrec
is sufficient to produce a new point of contact with the whisker.
The pressure against the whisker also changes the characteristics,
but is very critical because the whisker will fracture easily.
This adjustment is essential; improvements of 12 dB over the
initial sensitivity figures, with the two crystal mounts as
delivered, were effected by this adjustment. It is unfortunate
that a maximum in conversion efficiency for crystal-video operation
need not coincide with a conversion efficiency maximum to IF,
After adjustment the two crystals had sensitivities matched to
within 2 dB for crystal-video operation, but for conversion loss
to IF, one crystal was 10 dB better than the other. This could be
explainced by assuming that one diode had a conversion loss 10 dB

better than the other, or by assuming that the conversion losses
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were the same, but that the IF impedances were drastically different.
So if crystal-video operation and superitet operation are desired,
it is better to have three crystal mounts, one adjusted for
maximum DC output and the other two matched as closely as possible
for IF output.
7.7 surther work at 70 Ge¢/s

A method has been devised for
measuring spin-lattice relaxation time at 70 Gc/s, providing the
foundations for a thorough investigation of the magnetic field
and frequency dependence of Tl, a study which would hitaerto
have necessitated a very large capital outlay for equipment alone.
At present all the specimens are cut in such a way that thejonly
polar angle possible with the superconducting magnet is 900o
To enable angular variations to be made, a superconducting magnet
in the form of two parallel windings would be required, the specimen
in the waveguide being at the centre of the system, betwecn the
two windings,

It is difficult to say whether or
not the pulse response method would be made any casiler by the
use of a 70 Gc¢/s klystron. With the present method, the frequency

deviation of the 35 Ge¢/s klystron during the pulse is doubled
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by the process of harmonic generation thus introducing a possible
source of error. However, in a pilot experiment carried out at
35 Ge¢/s, this frequency deviation was deliberately increased by

a factor of about 3 and the T. results still lay within 5% of

1
thei} values under the correct conditions. +t is thought unlikely
that the doubled frequency variation at 70 Ge¢/s is causing any error.
The Elliott 70 Ge/s klystron is fhought to have much poorer
modulation properties than the 8RK19 (11), resulting in slow
switching times and large power variation during the pulse. No
inforimation is available on the frequency deviation figures.

Until more technological experience is gained in the construction

of' these klystrons, it would appear that for the pulse response
method, harmonic generation from 35 Gc/s with the 8RK19 klystron

is the best solution. If the 8RKL7 klystron has switching
characteristics identical to the 8RK19 (the mechanical construction
and electron optics are identical (11) ) then its 250 mW output

at 35 Ge/s should produce an 18 dB gain in 70 Ge/s power (12)

if the mixer crystal used as the harmonic generator can withstand

the increased radiation. This should produce more than ample

power to operate the single-klystron superhet at this 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,
been used in paramagnetic resonance experiments at millimetric wavelengths.

It has
Instrumental

line broadening is negligible and the signal-to-noise ratio is 30 ds.

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
requ1res 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
klysirons is an acute problem.

To overcome this difffoulty a microwave signal is generated
containing both the monitor and local oscillator frequencles.
The transmission crystal modulator is driven at 45 Mcfs,
amplitude-modulating the power incident from a 35 Gg/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 35Gc/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, Hxamination of the line shape of the -4 to - %
transition in ruby with a 160 kc/s phase-sensitive detector
system showed no detectable broadening. - We therefore
conclude from the sensitivity of this system that the power

R.E
lgeneralor
45Mc/s
/)
Monitor gtm olotor Trunsmlission 35Ge/s (F) kl )
To cavily solg At crysta « ystron
v F'
Local oscillator Fi- Fy
Resonance signai Bq}qnccd & I LE fg Delector
From cavity mixer amplifier CRO.
Block diagram of the receiving apparatus. '
low-power sidebands at 34955 Mc/s and 35045 Mc/s. level of the sidebands is at least 30 ds below carrier level,

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
VX3136) 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

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 Ge/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.
However, because .

frequency in the local oscillator arm.
the sideband power level is so low, the presence of F| serves

to bias the balanced mixer crystals to the minimum noise .

condition, ..
3. Conclusxon
The elimination of the local oscillator klystron s1mphﬁes

the use of the microwave spectrometer for all forms of
resqnance experlments The frequency separation of carrier

'\

and sidebands is constant, ensuring optimum performance'
of, the superheterodyne at all times. The only bandwidth

hmxtatron of .the’ present. receiver is set. by the highest fre-
quency compqnent of the resonance s1gnal Th1s ‘contrasts;

wrth 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
s1gnal to-noise ratio of the spectrometer and superheterodyne .
‘is 30 dB, which compares favourably - wrth conventional
systems .

The modification described appears to be directly applicable
to spectrometers operating at higher frequencies, where-
" frequency 1nstab111ty is an even greater problem
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LETTERS TO THE EDITOR

A smgle-klystron superheterodyne receiver for use at mrlhmetnc

wavelengths 0

Abstract,

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 F; and the local oscillator F; + F, channels
ensuring that the intermediate frequency F, 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 remove, 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 dB”

was reported. - It is asSumed that this was intended to mean
the noise ﬁgure of the system sinice, otherwise, it is a fheaning-

less statement in the absence 6f details of the sample. The -

analysis of the sensrtlvrty of this system reported in this letter
corroborates this assumptlon

This letter draws attention to the fact that the presepce of
these unrequired carriers degrades the sensitivity of the
spectrometer described by Brown ef al. by about 13- 16 ds.
It is well known that 35 Gc/s superheterodyne receivers can
be burlt which have a noise figure of about 13 dn 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
equrllbrmm 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 exte‘ntl provrded that
the Q of the resonant cavity exceeds about one thousand.
It should be noted that when a reflection Eavity 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

" twenty.

Comments are given on the desrgn of. smgle—klystron superheterodyne electron
o paramagnetlc resonance spectrometers

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 F, 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 Fj, rather than with power at either
Fi+ F, or F| — F,, 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 f, then the output power spectrum of the microwave
mixer has components at f, F, + f and F,, as well as the
various higher harmonics of these frequencies. The previous
analysis I8 valid in this caso and shows that the resonance
information at f exceeds that at F, & f by a factor of about
It can be concluded that the noise figure of the
spectrometer would be improved by about 13 ds if syn-
chronous demodulation at the microwave frequency were
followed by amplification and further synchronous demodula-
tion at f. The improvement depends on the condition that
the noise figure of the microwave mixer is the same at f as at
F,. Buckmaster and Dering (1965) have shown that 9 Ge/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

105-106 ¢/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 ¢/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 sideband frequencies above ."

about 1 ke¢/s (Eng 1961).

It should also be noted that the single-klystron electron
paramagnetic resonance spectrometer described by Brown ef
al. (1965) is inherently unstable because a large fraction of the
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power spectrum at the intermediate frequency F, does not
carry electron paramagnetic resonance information. The
local oscillator power at Fy + F, mixes with local oscillator
power at F; producing an output signal at F, which is
dependent on the bridge balance of the balanced mixer but,
typically, would exceed any information signal power by
80 dp. The situation further degrades if a reflection cavity is
employed since power at F; + F, is also present as a com-
ponent of the power in the signal channel and is not
attenuated by the balance of the mixer.
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 av '
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

Abstract.

This useless power .

" University of Calgary,

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 Gg/s, using point-contact diodes in the microwave mixer
and intermediate frequencies in the range 1-100 ke/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.

H. A. BUCKMASTER
J. C. DERING
9th March 1966, in revised
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Further information is given on the operation of the single-klystron super-

heterodyne recejver 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 ke/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

AY

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 +%
to —% transition in a 0-052% chromium ruby specimen of
volume 0:2 cm?, taken at a polar angle of 90°.

If the aim is to seek the maximum spectrometer sens1t1v1ty,
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 L D. R. MAsSON
’ o . J. S. THORP

o

5th April 1966

BROWN; G., Mason, D. R,, and THorp, J. S., 1965, J. Sci,

Instrum,, 42, 648-9,

!
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- field is, using Sregmansnotatlon, o o o

o and 0 7 becomes power dependent when Wm is comparable wnh 1/T1

~San

~ G. BROWN'and J. §. THORP N
E Department of Applied Physrcs, Umversnty of Durham N
- MS received 1st May 1967 in revzsed Jorm Bth June 1967

. Abstract.

4-2°k covering the range from, 2 msec to 24 msec have been measured at 35 Gg/s, the
" onthe same specimens.

range of applicability of the method i8 discussed,

P S " .

Spin-lattice relaxatlonv times in ruby and sapphlre'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 uw. Relaxation times ‘at -

All the resonant methods of rneasuring 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 Feflex klystron operating with a duty cycle of less than 10% -

delivering a peak pu]se power at the paramagnetic specimen of about 10 pw. From the

response of the spin system to each individual pulse the value of Ty can be derived. The

2. Theory ,
The eﬁ"ect of relaxation on the populatlon difference in a two-level spm system has been

! * described previously (Slichter 1963, p. 7, Siegman 1964,.p. 153). It is assumed that the ;
spin-spin relaxation time 7T is much smaller than the spin-lattice relaxation time T

. method was developed and tested at 35 Gc/s before being extended for studies at 70 Gefs, & .
- region in which very few relaxatlon measurements have been reported N

Then the rate equation governing the popula’uon drfference on appllcatlon of the mlcrowave‘ )

i

AN

"} (A)_——~——T1,_ ,-2W12An

twrrtten as y auate

: A (An) A= AN+ 2Ws T1)‘1 R f _:,
' Um ot
the solutlon of ‘which has a trme constant T glven by ‘. ‘» oo T
1/T1+2W12 L*":‘ Ve

The magnrtude of le at’ resonance is determined by the mcrdent mrordwave powﬁ level

-~ .

In practrce the AR

| | The measurement of spm—lattlce relaxatlon B
- tlmes at very low; power levels | v

results in each case agreeing with those obtained from pulse—saturation measurements. . ;" L
Preliminary data are given of the relaxation in ruby at 70 Gefs, |~
the microwave.power being obtained by harmonic generatlon from 35 Gc/s The

R RO

: where An is the mstantaneous population dlfference, ANis the thermal-equrhbrrum popula~ Lo
*"tion difference’ and Wm is the st1mulated transmon probabrlrty Equatlon (1) can be

@

s
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'_'_ stability of the klys_t'ron

microwave power can be made sufﬁcrently small for Wig to have a neghgrble effect onT .

but still be large enough to produce an accurately measurable power absorptlon. Under
these condltrons, equation (2) becomes ' o o T
L e=Tw . . T 3

An exact determmatron of Tyis poss1ble by measuring T as a ﬂunctlon of'the incident micro-
* wave power and extrapolating to give the value of 7 at’ zero power.

Howeveér, in. the
materials examined here this was not found to be necessary, as §3 shows.

Cs -

5

3. Experimental method :
At 35 Gc/s a conventional bridge’ spectrometer with crystal—vrdeo detectron was used.

. The specimen was mourited 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 dess stringent requirements on the frequency =~ .
Frgure 1 shows the component layout. The reﬁex klystron,

G Brown andJ S. Thorp " A o o :

The simple
. two-level system has been considered for theoretical clarity; any detailed analysis of the .'{.
" pulse-response method must take into account the partlcular multr-level system under_" S
' mvestrgatron (Grant 1964) : )

"pulse lengths below 80 msec.

o

..‘ ¢ o ' 3 R Y Gy . o 'Molched oo o R
r Vo . oo | ead LT
. - R Matehed [~ = . o E-W | o
) L Lt ' . floed | - AT o tuner |’
- r ' V':,,.', e v - , ’/ . ‘\'\ . . ,‘ v L ". . i
[ L T | - N G L N .
’ o \,r' Klystron |-=— Isolator [—& -~ Attenuotor :‘::”d Dettctor v
' -‘V_\n' B B X N ‘ P Y
R : . ' Reference * T Yo specimen
’ . | pulse shape
' Pulse  |Pre-pulse. = .- . bitferentiat| | 0.6 [ el
generatorfoutput | - . bietoctor — {amplifier |*"|amplifier|, - : R
- L T IR OIS
T R A
N ‘ . . e
= ‘ ,
Trigger o - . :
source - . N
" "Pulse waveform manitor . Relaxation display )
Figure 1. Block diagram of the spectromet/er., .

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:

Figure 2 shows the waveforms obtamed from the crystal—vrdeo receiver after the bridge
was balanced to select the absorption signal. The upper trace is the pulse waveform off”
resonance. .The lower trace,-obtained with the magnetic field on resonance, shows the
power absorption decreasmg with time. All the present measurements have been made on
ruby and sapphire specimens.
found unnecessary to plot 7.against power and extrapolate to zero power because there was:. |

an appreciable range (up to about 300°uw) over which 7-was independent of power and the . . 1_. A
The pulse length must be much greater than the time

size of the response signal was large.

L A S PR S IR

¢ v - ..

(Elliott type 8RK19) is grid modulated to produce r.f. pulses with a mark-space ratio of

‘ A calibrated attenuator reduces the power at the specimen -
_to about 10 pw. : Voo

The power dependence of 7 has been observed but it was,
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Flgure 2. Recerver output display: upper trace, off magnetic resonance; lower trace, on magnetrc i
“resonance. 0-2 at.7; Cr ruby at 42°k. Horizontal scale 2 msec per division.

‘3'3

constant under investigation to ensure maximum signal amplitude and. to~disolaiy the base-
line, an important feature in the interpretation of the curve.- The interval between pulsesis -
made sufficiently large to enable the spin system to come to thermal equilibrium before the -

arrival of a pulse.

. Graphs of the natural logarithm of the absorption against tlme, derived
- from the photographs of oscﬂloscope traces, yielded the values of T1. : .

_'4 Resultsatssscc/s_-j, Lo e

_specimens, the relaxation behaviour of .which had prewously been examined by pulses | -
" saturation techmquee (Mason 1966, C. J. Kirkby 19_67 private comrrrumcatror‘r) - Figure3 = 1

Figure 3.

.-

Measurements have been made on different transitions in a selectlon of ruby and sapphrre

[l
~N

n
-

N

. InCabsorption)

-

'0'8' N 1 1 "‘|~ A e

Relaxation data derived from pulse-response traces: open circles,’ %;} to =% transition; :

0-2 at. % Cr ruby, T1-= 120 msec; full circles, —% to +4 transition, 0-052 at.% Cr ruby Ty = 24'5

000 3640 -
’ Tume (msec) - : k .

msec; crosses,

% to +14 transition, 0-2 at.% Cr ruby, .T1 = 3'5 msec.
at 355 Gcfs, 4:2°k, 0*- 90°

‘All measurements taken

‘times from 2 to 24 msec the agreement between the two methods is within the expérimental

v

shows some of the semilogarithmic graphs obsained by the pulse- response method and thelr

linearity suggests that a single exponentlal decay was being observed. A comparison of the -
pulse-response and pulse-saturation data is made in the table. Over a range of relaxation .

error of about 15%. The energy-level nomenclature follows the notatron of Schultz-du
B01s (1959) S e C -

y Con
2 S
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" &, Specific operational requirements
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Comparatlve relaxatlon data obtamed by pulse-response and
pulse saturation methods- o

“+i © Paramagnetic  Transition C Tyby . - T by ) SR
- djon - ¢ "~ pulse response pulse saturation ..
‘ ‘concentration v " (mse¢) - - (msec) - e
: (AlzOg host) T R R T
. 0:052at.% Cr' Cr¥*t— 4> 44 245 240 TR
: R SOt - g —d 1220 150
020aL%Cr * G g 14 35 E g0 e
SRR Coi 43~ +§ ., 78 68 o
e ' ' 0-037at.%Cr Cr3+'—§ﬁ+% - _5‘9, .A ’ 5.0', o '.\ . :;
o “0-02at.y%gFe . : . R PR AR

0-001 at.% Fe . Fe*: — & — — } ;

IR

‘All measurements taken at 355 Gefs, 4-2°K, 0 = 90°.

v

In order to make effective pulse-response measurements several experimentai parametets
. fequire 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 consxdered -

below.

. 5.1, The pulsed klystron ' : )
" During the r.f. pulse the frequency must remain constant to w1th1n a fraction of the lme-

width of the transition under investigation. Grid modulation generally produces some
. frequency deviation and the characteristics of two klystrons were investigated to find,the

- magnitude of any- frequency deviation. The first was a 35 Gefs reflex klystron type
R5146 (E.M.L) 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 figured. The power rises gradually from .“ ‘

£ 100 1 ; P e
= 2 N TR
. - E 80t - . » ; e
.. = S LPABA8. e s
£ 60 e
S -;4321 :
40 gn :
8t 3430 2. v
£ 20 o ~
2‘ Or- . P - i . ) '3428
2 o a-ies 7130 135 ‘

Grid vo|tuge )

Flgure 4. Gnd charactenstlcs of «the klystron type R5146 taken at constant reflectot Vo]ta'ge. -

~

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.  Ocillation begins suddenly at a grid voltage. of

- —40v. 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 apphed to the
klystron gnd Thls gave a characterlst;c 1dentncal .thh ﬁgure 5 and showed that the

e
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Figure 5. Grid characteristics of the klystron type 8RK19 taken at_constant reflector voltage.
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B switching time of the 8RK 19, at —40 v, was 0-3 usec, independeut 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 usec, 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 grld\
pulse necessary to produce 3 mw of r.f. pulse power was about § v. Larger voltage pulses

- produced more powerful r.f. pulses, but with fractionally greater frequency deviation, The
_jnput pulses were obtained from a pulse generator (Solartron type GO 1101) and, in order

to maintain a 109, 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 madula-

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 materlals w1th longer relaxatron times a.

greater r. f. pulse length would be necessary.

5.2. Bridge balancmg

In both the conventional pulse-saturatron and the pulse-response techmques 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

psed in other methods. Animportant 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 smalt amplitude unbalance is then introduced to
select the absorption component on resonance. ~ As this unbalance is introduced the pulse

~reappears oni the display, but it always has a curved top.. This indicates that phase un-

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-
justment of the phase piston of the E-H tuner. Thus the pulse-response method allows

very accurate bridge balancing and equally accurate compensatlon for the mteractlon o
between the phase and amplltude adjustments R : :
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: 5 3. Radio frequency sag compensatron

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 coinpensated 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 |
for sags exceeding about 57, because the r.f. amplitude variation affects the relaxation

_ Processes, the results of which cannot be removed by srmple algebraic subtractron

-

3.4, 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 relatrvely large gain .

can be-combined with' good pulse-handling ‘capability. ~The receiver is always working

well within its specrﬁcation and tests made on its pulse performance showed no detectable

traces of overshoot, ringing or sag. - if greater sens1t1v1ty should be required, a super- A

heterodyne receiver could be used.

'

5 5. Alternatwe 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,

. 1§ quite satisfactory For materials having small linewidths it is preferable to operate the
klystron in the continuous-wave mode and use an alternatrve method of producing r.f.
pulses. The switching propertres 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 Gefs.” 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 puls¢ the magnetic field from well below resonance to exactly on resonance
u°1ng 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 couplmg between the

auxiliary coil and the field wrndmgs can be very loose and where there is no problem of

superconductrvrty quenchmg
“
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- balanced mixer and its associated intermediate-frequency amplifier.

“a relaxation time of 3-2 msec at 71 Gc/s.

Low-power measurements of relaxation time 7
6. Results at 70 Ge/s. . B

Some prehmmary relaxation-time measurements have been made at 70 Gc/s by extendmg
the pulse-response technique to this frequency using harmonic generation with a 35 Gge/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 Gefs
components and, with one exception, was similar to the 35 Ge/s spectrometer shown in
figure 1. The difference was that, although the 35 Gcefs stainless-steel waveguide leadlng to
the specimen was retained, 70 Ge/fs power was fed info it from the hybrid tee via another .
taper. As before, crystal—v1d.eo detection was used. The estimated conversion loss of
27 dB to the second harmonic indicated that the maximum pulse power available at 70 Ge/s
was 6 uw; this was reduced to about 2 uw at the spemmen by waveguide and component -
losses. Using the experimental techmques described in §§3 and 5 pulse-response traces have
been obtained at 4:2°k from several specimens.

. Figure 6. A typlcal pulse-response trace taken at 71 Gc/s 0-052 at. % Cr ruby, 4 2°K 0= 90°

shows the response of the —% to +% transition ina 0-052 at. % Cr ruby specimen and gives
Since the relaxation time of the same transition
in the same specimen at.35'5 Ge/fs 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 smgle klystron
superheterodyne receiver for 70 Ge/s is being tested. The design of a 35 Gc/s version of the
recelver has already been described (Brown et al. 1965, 1966). For 70 Gos 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
"The complete 70 Ge/s
superheterodyne spectrometer operates from a single 35 Ge/s reflex klystron.

'
-

7. Discussion * N ' : - , ‘e

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 apphcablhty 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 relaxatlon time of the transi-
tion being studied.

In the centimetric- avelength 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 alfernative, 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 p.sec) at the begmmng of the
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One such trace is shown in figure 6; it
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exponential recovery to equ1hb11um large inaccuracies ean 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-. .
response method is well below the dissipation limit of the switching diodes and the control, - - i

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 dlfferent in that diode sw1tches are not

readily available at or above 35 Gefs.  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 barmonic generation to be used to extend the range -

over which measurements can be made to the shortér 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
paramagnetlc materials to be made over a large frequency range.. The use of superconduct-

ing magnets, however, creates some cryostat de31gn problems 1f measurements are requlred :
‘at temperatures above 4 2°k.
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