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CHAPTER I 

INTRODUCTION 

1* 

Since the first experiments by Zavoisky, in 1945, 

electron spin resonance, or ESR, has developed rapidly. In 

recent years it has proven to be a very valuable tool in 

the study of the paramagnetic properties of solids. Some 
2 

of the uses of ESR are: 

(1) the study of paramagnetic ions in single crystals, 

for example, Cr-̂  in AlgO^ 

(2) the study of free radicals 

(3) the study of F-centers in crystals 

(4) the study of conduction electrons and the band 

structure of metals and semiconductors 

(5) the study of ferromagnetic materials. 

In the thirty years since its beginning, many advances 

have been made in ESR instrumentation and techniques; and 

consequently, many spectrometer designs have appeared in 

the literature. However, the majority of these are varia

tions of the two basic types of reflection cavity spectro

meters—the 100 kHz field modulation spectrometer and the 

balanced bridge, superheterodyne spectrometer. To provide 

versatility in future research, both types have been con

structed as a part of this project. 

The superscript numbers refer to the List of 
References. 



The 100 kHz system described in this thesis will be 

used for room temperature ESR studies. It will be used in 

preference to the superheterodyne system because of its 

ease of operation and also because of its better sensiti

vity and slgnal-to-nolse ratio, which are obtainable at 

high power. At present, this system is operational, but 

the desired sensitivity has not yet been obtained. 

The superheterodyne system described in this thesis 

will be used primarily for low temperature studies. This 

system will be used because it will provide better sensiti

vity and slgnal-to-nolse ratio at the low power and low 

modulation frequency which are required for low tempera

ture I'Tork. Although this system is also operational, at 

present, the desired sensitivity and slgnal-to-nolse ratio 

have not been obtained. 

Although Chapter II gives an outline of the basic 

theory of electron spin resonance. Chapter III reports the 

most important part of this research project. This chap

ter describes In detail the construction of both the 

100 kHz system and the superheterodyne system. Chapter IV 

discusses the operation of both systems and presents some 

preliminary measurements. Chapter V discusses needed 

improvements on both systems and outlines the research pro

gram, of which this project is a part. 



CHAPTER II 

GENERAL THEORY 

The basic principles of electron spin resonance may be 

explained by classical methods, as follows.^ Consider a 

top with angular momentum Jfi, where J is an integer and ̂6 

is Planck's constant divided by Ztr . The equation of 

motion is 

(d/dt)(Jii) = N (2.1) 

where N is the torque exerted on the top. If the top is a 

negatively charged particle, such as an electron, it will 

possess a magnetic moment, /f_, which is related to its 

angular momentum by 

/î  = - xhJ: . (2.2) 

Here, Y is the gyromagnetic ratio given by 

r= ge/2mc (2.3) 

in which g is the "g factor," e is the electron charge, m 

is the electron mass, and c is the velocity of light. If 

such a top is placed in a magnetic field, H, the torque 

exerted on it by the field is Tf. x H, and the equation of 

motion becomes 

(d/dt)J)fi = iL X H (2.4) 



or equivalently. 

(d/dt)Ji = r Ji X H . (2.5) 

For H equal to a constant vector HQ, the solution of 

Eq. (2.5) Is the precession of the moment, Jĵ , at a fixed 

angle about HQ. The angular frequency of this precession 

is Just 

^^ Q ^ y EQ . (2.6) 

All magnetic resonance experiments employ a time-

dependent magnetic field which is obtained by adding a small 

precessing field at right angles to HQ. In this case the 

total field is 

H = j,Ĥ  COSCL; t + J.H^ sin-^ t + M Q (2.7) 

where ou = ka> is the frequency of precession of H, . Now 

in a coordinate system rotating with H-̂ ,̂ we have 

(d/dt)i£. = (d/dt)»ii + ifL X ii. (2.8) 

which becomes 

(d/dt)»Ji = ( rn - <iL) X Ji (2.9) 

after substitution from Eq. (2.5).^ An effective field H^ 

may be defined as H^ = (H - u /y ), which gives 
•"•6 •"" ' 

(d/dt)'ii = yE^ X iL . (2.10) 
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This is then the equation of motion for an observer in the 

rotating frame of reference. 

Equation (2.10) may be solved by transforming to a 

third frame rotating with angular velocity, j ^ ^ « /H 

about HQ. Under this transformation, Eq. (2.10) becomes 

(d/dt)"ii = ( yg^ . a; t) X /i = 0 . (2.11) 

This equation Implies that £.. is a constant of motion In 

the frame rotating about H^. The situation is shoxm in 

Figure 1, in which jt is initially parallel to H . The 

complete motion is given by revolving the rotating cone 

about HQ at an angular velocity, j ^ . In the special case 

for which (o = cj rt, H^ = H ; and the cone degenerates into 

a plane. In this case since vH = yE^ <^ ^0 ~ ^^o* 

f^ will oscillate slowly between alignment and antlalign-

ment with HQ. While these ideas have been discussed in 

terms of a single magnetic ion, they could be applied to a 

bulk sample of magnetization, ^ = v fj, ., provided that 

each H- sees the same HQ and H^. (Of course, one V70uld 

have to take into account the phase differences between the 

moments.) 

The problem of the magnetic behavior of Interacting 

. ̂  4 
particles was first treated by Bloch in 1946. Although 

the original treatment concerned nuclear particles, the 

physical considerations apply equally well to electronic 





systems^' Bloch assumes that the interactions cause the 

magnetization M = ^u^it vol — l *^ *®^^ toward the ther-

nal equilibrium value, which can be written in terms of 

.XQ9 the susceptibility, as 

15o = ^o§o* (2.12) 

Bloch further defines the spin-lattice relaxation time, 

Tĵ , and spin-spin relaxation time, TA, through the equa

tions : 

(d/dt)tM2 = (1/T^)(MQ - Mg) (2.13) 

and 
(d/dt)'Mj. » .(l/T2)Mj. (2.14) 

in which the prime indicates a frame of reference rotating 

with M^ .' Transformation of Eqs. (2.^3) and (2.14) back 

into the laboratory frame yields the Bloch equations 

dM(̂ /dt = r (H X M)^ - M^/T^ 

dM^/dt = X (H X M)y - My/Tg (2.15) 

dMĝ /dt = X (H X M)^ + (MQ - ^l^)/\ . 

Some ideas about resonance absorption can then be obtained 

from the "slow passage" solutions of these equations as 

follows.^ 

Assume that HQ and cu are constants and that 

dM /dt = 0. Although the rotating field, g^, of Eq. 

(2.7) will still be used, it can be considered as the pro

perly rotating component of an oscillating field given by 
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H^ = ̂ Ej^ cos w t (2,16) 

of which the counter rotating component is 

iH, cos w t - JH-ĵ  sin (o t. In complex number rotation, 

EL and VL can be written as 

H^ = 2Hĵ ê  ̂  * and ^^ "̂  ̂  ^ 

where X is the complex susceptibility which is given by 

X= X' - iX" •' (2.17) 

Then M , which is the real part of >?7 , becomes 

M = 2 X ' % cos &» t + 2 X " % sin u t .(2.18) 

Substitution of H = HQ + Ĥ^ into Eq. (2.15) gives 

dM^/dt = r (M^% sin <̂  t - HQMy) - K^/T^ 

dM /dt = / (HQM^ - MjjĤ  cos w t) - l̂ /Tg (2.19) 

dMg/dt ~ /(I^H^ <̂ os t - M̂ Hĵ  sin w t) 

+ ( M Q . M ^ ) A I . 

If one now defines ?7?̂  = JÎ  + 11^ and ̂ + = e" ^^, and 

combines the first two of Eq. (2.19)t he obtains 

+ i >/ + = i x^^Vl i ^0^ + ' - ̂  +/^2 • ^̂ '̂ ^̂  

Now if the condition, dl̂ l/dt = 0 is applied to the third 
z 

of Eq. (2.15), the follovflng equation Is obtained 

(M2 - KQ)/T^ = ( /H;̂ /21)C??+ - 71.) . (2.21) 
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Alsot rearrangement of Eq. (2.20) gives the following 

result for 7W^ 

7?l+ " Za^K^'^ Q - <•> + l/Tg^ ;' (2.22) 

Substitution of Eq. (2.22) into Eq. (2.21) gives 

^"^^0 2 i 2 1 (2-23) 
1 + 2̂A<^ * rhh-^z 

Where Aa;s=.((jQ-<j), By using Eq. (2.22) and the defi-

nitions of 7^^, one can obtain M . Comparison of this 

result with Eq. (2.18) shows that 

^ 1 + ̂2 A u,+ y V V 2 
and (2.24) 

1 1 
X" = 2 X0<-0^2 1 + T^2^^ 2 + y^^T^Tg * 

The average rate. A, at which energy is absorbed by the 

sample is given in terms of X" ̂ y 
ZTT/ oj 

A^ I ^/Zfr) f E^ (dM/dt)dt 

^ ̂  (2.25) 
= 2aj x"^i • 

Equation (2.25) is plotted in Figure 2. In the experi

ments, H^<^ HQ, and cu^T^ ̂ >>1, so that Eqs. (2.25) and 

(2.24) give 
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2 2 ^̂  

A « ̂ 0̂  ̂ ^Y Y^ • (2-26) 

Prom Eq. (2.26), it is clear that the line width is depen

dent on the spin-spin relaxation time, T^i In particular 

the half intensity points occur atAw,/^=: 1/T2e 

Although the above results are classical, similar 

results can be obtained quantum mechanically. In this 

case, time-dependent perturbation theory is used; and the 

line shape, obtained by this method, is somewhat more gen-

eral. The resonance condition obtained from quantum 

mechanics is analogous to the classical condition, and is 

given by 

hi/ = g^ HQ . (2.27) 

where h is Planck's constant, ^ is the frequency of the 

radiation, g is the "g factor," and 0 is the Bohr magne

ton (0 = eii/2mc). This can be interpreted as follows. 

Although the orbital degeneracy of the energy levels may be 

removed by such processes as the interaction with crystal 

fields, the levels still remain spin degenerate. When the 

sample is placed in a magnetic field, this degeneracy is 

lifted, and the resulting two levels are separated by an 

amount, A E = g/SH. According to statistical mechanics, 

the relative population of these levels is governed by the 

Boltzmann factor as 

NUAL = e-S/3HAT , (2.28) 
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Here H^ and Nĵ  denote the number of particles in the upper 

and lower states respectively, k is Boltzmann's constant, 

and T is the Kelvin temperature. Since g^QHAT << 1, 

this can be written as 

Nu/% = 1 - SiS H/kT . 

Thus, since there is a small excess of electrons in the 

lower level, they will be excited to the upper level when 

radiation of frequency, ^ - A E/h, is incident on the 

sample. This excitation, and consequent absorption of 

energy by the sample^ constitutes magnetic resonance. 

For free electrons, g = 2.0023. However, if the elec

trons are placed in a crystal field, for example, the 

effective g value will differ from the free electron g 

value. Since it is dependent on the environment, much 

information can be gained by measuring g for a particular 

system.- This, of course, is easily accomplished with ESB. 



CHAPTER III 

ESR SPECTROMETERS 

Basic Principles 

In the previous chapter, it has been shown that energy 

is absorbed from the rotating (or oscillating) H. field 

when the resonance condition, hv = g/9HQ, is satisfied. 

This section will deal with the instrumentation used to 

observe such an absorption 

Figure 3(a) shows a simplified ESR spectrometer. The 

klystron generates radiation (̂  = 9«5 GHz, typically) which 

propagates down the waveguide and induces a current in the 

crystal detector. This current, which may be detected on 

an ammeter, will be directly proportional to the power if 

the crystal is operated in the "square law" region. Then 

any change in power will cause a proportional change in 

the meter reading. The paramagnetic sample is mounted Just 

inside the narrow wall of the waveguide, which propagates 

radiation in the TE-^ mode. Figure 4 shows the magnetic 

field for this mode.^ From the figure, it is clear that 

as this pattern propagates doim the guide, the R. field at 

the sample appears to rotate. The static magnetic field, 

HQ ('̂  3000 Gauss for g = 2 and v = 9 GHz), is applied 

perpendicular to H- by an electromagnet, as shown in Figure 

3(a). As H-̂  passes through the magnetic resonance 

13 



xk 

fnof^rt efp o/e cap 

tie iecior 
Cf^rr-eftf 

FIGURE 3 (a ) 
RTMPT.TTTTF.Tt f̂ PF.rHTT^OMF.TF.T? 

0 

He = ""A 
magnet i c f/'c/cf /-JQ 

FIGURE 3 (b) 
GRAPH OF CRYSTAL CURRENT VS. H^ 



15 

<: 
0 

•>» -
n s M ^ 
^ ŝ  
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condition, radiation is absorbed by the sample and the crys

tal current decreases. A graph of crystal current vs. 

magnetic field yields a curve similar to that shown in 

Figure 3(b). 

Such a simplified spectrometer is very insensitive, 

but many techniques may be employed to improve the sensi

tivity. One technique is the use of a resonant sample 

cavity. This increases the sensitivity because the time 

average of the radiation field intensities is much larger 

over the sample volume and because the magnetic resonance 

absorption is increased in proportion to the Q of the 

cavity (typically from 1000 to 9000). 

Another technique for increasing sensitivity is the 

use of magnetic field modulation. This is accomplished by 

superimposing a sinusoidally varying field of amplitude, 

much less than that of H. , on HQ. The effect of this 

field is to cause the crystal current to vary at the same 

rate as the oscillating field near magnetic resonance. 

This produces an ac signal, which is then amplified by a 

narrow band amplifier and phase-sensitive detected. Such 

a system greatly improves the slgnal-to-nolse ratio by 

taking advantage of the 1/f noise characteristics of 

crystals and the narrovr bandwidth of the phase-sensitive 

11 
detector. 
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Types of Spectrometers 

With the basic principles of ESR detection in mind, 

practical systems may now be discussed. There are two 

basic types of high sensitivity detection systems 

generally in use, and the spectrometer described here can 

be used with either type. The first is the 100 kHz field 

modulation and homodsme detection system, and the second 

is the superheterodyne detection system. 

100 kHz System 

Figure 5 shows a block diagram of the 100 kHz field 

modulation system. The output of a 2K25 Klystron passes 

through a ferrite isolator, a 20 db directional coupler, 

and an attenuator into the E arm of a "magic T." This 

device divides radiation—half going into arm 2 and being 

absorbed, the other half going into arm 1 and to the 

sample cavity. The slide-screvr tuner in arm 1 reflects 

a small amount of power in order to provide a self bias 

for the detector. The "magic T" likewise divides power 

reflected from the cavity, passing half into the E arm 

into the Isolator and passing half into the H arm through 

a second isolator to the detector. The isolators are one 

way devices which prevent reflected radiation from 

re-entering the cavity or the klystron. The 20 db coup

ler couples off 1/100 of the radiation, which may be used 

for frequency measurements, and the attenuator controls 

the amount of radiation reaching the cavity. 
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The output of the crystal is fed into a small coupling 

transformer which separates the 100 kHz magnetic resonance 

signal and the AFC signal. The 100 kHz signal then passes 

to a low noise, high gain preamplifier which is connected 

to the lock-in amplifier. In the latter instrument, the 

signal is phase-sensitive detected, and the resulting 

derivative of the resonance line is displayed on the chart 

recorder. The magnetic field modulation is obtained from 

a power amplifier which is driven by the 100 kHz output of 

the reference oscillator in the lock-in amplifier. The 

static magnetic field is provided by a 0 to 10 kilogauss 

electromagnet. 

Since the sample is contained in a high Q resonant 

cavity, it is necessary to have the klystron frequency 

locked to the resonant frequency of the cavity at all times. 

This is accomplished by the automatic frequency control 

system as follows. The AFC signal from the crystal detec

tor is fed into the AFC Tmit where it is amplified and 

phase-sensitive detected. Since the signal is obtained by 

modulating the klystron reflector with a portion of the 

AFC reference signal, its phase and amplitude will depend 

on the relation between the klystron frequency and the 

resonant frequency of the cavity. Thus, the output of the 

phase-sensitive detector will be an error voltage which Is 

then applied to the klystron to correct its frequency. 
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The advantages of the 100 kHz system are as follows: 

(1) its ease of operation and (2) its high sensitivity 

and signal-to-noise ratio at high power. Its disadvan

tages are: (1) low sensitivity at low power and (2) the 

Inability to pass the 100 kHz modulation through cryostats 

for low temperature studies 

Superheterodyne System 
a ' 

Figure 6 shows a block diagram of the superheterodyne 

system. Radiation from a 2K25 Klystron propagates down 

the waveguide through the ferrite isolator, directional 

couplers, and attenuator and then enters the E arm of a 

"magic T." This T divides the radiation sending half into 

arm 1 and to the cavity and sending the other half into 

arm 2, through a slide-screw tuner and into the tunable 
12 

load. This system functions as a balanced bridge, and 

the tuner and load are adjusted so that no power leaves 

the E and H arms when the system is off magnetic resonance. 

However, when the magnetic resonance condition is satis

fied, the bridge becomes unbalanced and radiation then 

reflected from the cavity and tuner leaves both the E and 

H arms of the "magic T." That leaving the E arm is 

absorbed by the isolator, while that leaving the H arm 

passes through another isolator and enters the balanced 

mixer. 
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In the mixer the radiation beats with that from the 

local oscillator which is tuned to a frequency 30 MHz away 

from the source. The resulting 30 MHz output of the mixer 

is thus modulated with the magnetic resonance information. 

The 30 MHz output of the mixer is fed into a 30 MHz 

preamp and amplifier and then into a video detector. Here, 

the magnetic resonance information, appearing at the field 

modulation frequency (30 to 400 Hz), is removed and fed 

into the low frequency preamp. From the preamp, the sig

nal is fed into the lock-in amplifier where it is phase-

sensitive detected and displayed on a chart recorder. 

Magnetic field modulation and the static magnetic field are 

obtained in the same way as for the 100 kHz system, with 

the power amplifier now being driven at 30 to 400 Hz rather 

than 100 kHz. 

In this system the source klystron must also be locked 

to the cavity, and this is accomplished in the same manner 

as with the 100 kHz system. In this case the AFC signal is 

taken directly from one of the crystals In the balanced 

mixer. In the superheterodyne system, the local oscillator 

must also be locked to a frequency 30 M z away from that of 

the source. This is accomplished by mixing a part of the 

radiation from the source and the local oscillator In a 

second balanced mixer. The output of this mixer is ampli

fied and fed into a phase-sensitive detector. The 

reference for this detector Is obtained from a crystal 

controlled 30 MHz source. As the output of the mixer 
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varies around 30 MHz, its phase will vary with respect to 

that of the reference signal. Thus the phase-sensitive 

detector will deliver an error voltage, which is used to 

correct the frequency of the local oscillator. The phase 

shifter in the signal arm of the mixer T is used to adjust 

the phase of the output so that the system will lock to 

30 MHz rather than some other frequency. 

The advantages of the superheterodyne system are: 

(1) its good sensitivity and signal-to-noise ratio at low 

power (1 mw or less), and (2) the ability to use it for 

low temperature studies. The disadvantages of the system 

are: (1) the difficulty of adjustment, tuning and opera

tion, compared to the 100 kHz system, and (2) the poor 

signal-to-noise ratio at high power. -̂  

Components and Instrumentation 

Microwave Components 

In this section the individual components used in both 

spectrometer systems will be described in detail. The 

klystrons used in both the 100 kHz system and the super

heterodyne system are type 2K25. They operate over the 

frequency range of 8.5 GHz to 9̂ 6 GHz and have a maximum 

rated power output of 20 milliwatts. These klystrons are 

mounted in shielded moimts which have a standard X band 

(1.0 inch X 0.5 inch) waveguide output. 
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The ferrite isolators are PRD type 1203 units, having 

1.0 db insertion loss and 30 db isolation. They are 

essentially microwave "diodes" which will pass radiation 

in one direction only. 

The directional couplers, which are the cross guide 

type,^^ are used to couple off a part of the radiation and 

transmit it in a certain direction. The attenuators are 

used to control the amount of radiated power reaching parts 

of the system, and the loads are used to absorb radiation 

incident on them. The slide-screw tuner is constructed 

from a section of waveguide with a slot cut in the wide 

wall. A movable carriage containing a adjustable probe is 

mounted on the waveguide in such a way that the depth of 

the probe in the guide and its position along the slot can 

both be adjusted. The amount of reflection from the tuner 

is controlled by adjusting the depth of the probe in the 

guide, and the phase of the reflected radiation is adjusted 

by moving the probe along the waveguide. 

The "magic T" is shown in Figure 7. Because of the 

construction of this device, radiation entering either the 

E or H arm is divided so that half goes to arm 1 and half 

to arm 2. Similarly, radiation entering arm 1 or 2 is 

divided into the E and H arms. The stub In the center is 

inserted to minimize reflections and mismatch between the 

arms. The phase shifter, used in connection with the 30 

MHz AFC is the rotating drum type. It is capable of 

shifting the phase of the radiation by 3^0 degrees. 
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The sample cavity is shown in Figure 8. One may 

recall that the resonant frequency of a rectangular 

cavity is given by the relation^"^ 

c,2 = e^^2 J^+ m ^ + n ^ ^ 
ar h"^ d^ 

where c is the velocity of light; a, b, and d are the 

dimensions of the cavity; and JP , m, and n are integers. 

For the cavity used in this spectrometer (a Varian V-4531 

operating in the TE^^^ mode), the resonant frequency is 

approximately 9*5 GHz. The Q of a cavity is given by the 

relation 

Q = energy stored/energy lost per cycle. (3.2) 

Two important factors which affect the Q are the skin 

depth of the surface material and the conductivity of the 

walls. In order to obtain a high Q (approximately 9000), 

the Varian cavity is gold plated. 

As mentioned in the section on the simplified spec

trometer, the Q is one of the major reasons for using a 

resonant sample cavity. Its effect on the absorption can 

be seen as follows.*^ If the cavity Is considered as an 

LRC circuit, we have 

Z = R + i( OJL - -i- ) (3.3) 
cj c 

where Z is the Impedance and L, R, and c are the equiva

lent inductance, resistance, and capacitance. Since the 
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entire volume of the cavity is not filled by the sample, 

we use a filling factor, 77 , to write 

L = LQ [̂(1 - 7) ) + 17 (1 + kirx )] (3.4) 

where LQ Is the inductance of the empty cavity, 

(1 + ^TT^ ) is the permeability of the sample, and 

0 < '7 < 1. Now, the resonant frequency of the sample 

cavity Is given by 

Thus, we have 

Z = R + iLQ( 0)^ - u,^^)/(o + knlLQi^Tix • (3.5) 

Using the complex form ^ ~ X* " ^ X"» ®̂ ^^^ write 

Z = R + 4 7 r 7 ; w L Q X " 

For an LRC circuit, Q = CJL/R, and when u = u;̂ , we have 

for the resistive component of Z 

Z^ = R(l + 47r̂ ^ Q9C") + 47TlL^u)^7) X' • ^̂ '''̂  

Since the losses to the walls and the sample are due to 

the resistive component of Z^, It Is clear that the power 

loss due to X " ^^^ ^^^^ Increased In proportion to the 

cavity Q. 
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As shown in Figure 8, field modulation coils are built 

Into the walls of the cavity. Holes are also p3?ovided in 

the narrow walls for inserting samples. The cavity is 

coupled to the waveguide through a tunable iris, as illus

trated. This provides a means of matching the cavity to 

the waveguide. ^ 

The crystal detectors used in this work are of two 

types. The detector used with the 100 kHz system is shown 

in Figure 9(a). It consists of a length of waveguide into 

which two tuning stubs and a silicon crystal are inserted. 

The waveguide is terminated by a tunable short. The crys

tal used with this mount is a type 1N23G which was 

selected because of its low noise figure. One type of 

IQ 
balanced mixer, which uses a "magic T," ^ is shoim in 

Figure 9(b). One crystal is inserted so that its output 

will be negative with respect to ground and the other is 

inserted to give a positive output. Signal power is fed 

into the E arm and local oscillator power is fed into the 

H arm. These two signals are mixed in arms 1 and 2 pro

viding 30 MHz output at both crystals. Although a single 

crystal could be used, the use of two crystals reduces 

local oscillator noise. This balanced mixer is used with 

the superheterodyne system, as sho^m in Figure 6. The 

actual mixer used for the signal detector Is an LEL 

mixer-preamp combination, while that used for the 30 MHz 

AFC is a "magic T" unit. In all cases provision is made 

to monitor the do crystal current. This current should be 
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adjusted so that the crystals operate in the "square law" 

region. When the crystals are operated in this region, 

the output voltage and current are directly proportional 

to the incident power, and thus the resonance line is 

undistorted. 

Electronic Components 

Signal Processing Components.—The output of the 

crystal detector in the 100 kHz system is fed into a small 

tuned coupling transformer. This transformer was made by 

winding a primary coil of approximately 150 turns over a 

5 nh r.f. choke. One of the primary leads is connected 

to the crystal, and the other is connected to the input of 

the 10 kHz AFC, which contains a crystal current meter. 

The tuned secondary is connected to the input of a 

Princeton Applied Research model CR-4 low noise preampli

fier. This unit, which is battery powered, has gain 

2 3 4 
settings of xlO, xlO , xlO'̂ , and xlO . It also features 

adjustable low and high frequency roll off points which 

are selected by front panel switches. In addition to 

these features, the CR-4 may be operated in any of three 

input modes—low z differential, high z differential, and 

high z single ended. In our work the low z differential 

mode is used because it provides best performance. 

The output of the preamp is fed into the signal 

input of a Princeton Applied Research model JR-5 lock-in 

amplifier. This unit consists of a tuned, high gain 

iig. 
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signal amplifier, a tuned reference amplifier/oscillator, 

a phase-sensitive detector, and a dc amplifier. The JH-5 

is capable of operating over the entire frequency range 

from 1.5 Hz to 150 kHz. It can recover signals 46 db 

below ambient white noise and is capable of driving a 

a to 1 ma recorder. For versatility of operation, three 

reference modes are provided. These are internal, select 

external, and external. In the first mode the output of 

an internal oscillator, which has good frequency and 

amplitude stability, is available at the reference in/out 

terminals for external use. In the other two modes, which 

are not used in our vrork, an external reference signal is 

fed into the reference in/out terminals. In addition to 

these features, the reference phase can be continuously 

varied over a minimum of 180 degrees by a front panel con

trol, and time constants from 0 to 10 seconds can be 

selected by a front panel switch. An overload indicator 

is also provided to insure that the detector is not 

operated outside its linear region. 

A block diagram of a lock-in amplifier is shown in 

Figure 10. The heart of the device is the phase-sensitive 
20 

detector. This is essentially a balanced mixer In which 

the signal is multiplied by a constant amplitude reference 

of the same frequency. The resultant output will be a dc 

signal proportional to the amplitude and phase of the 

input signal. These ideas can be seen more clearly as 

follows. 
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Although the actual reference signal in the JR-5 is 

a square wave, we will use a sinusoidal signal for simpli

city. Let the input signal be given by A^e^^^ lot + i ) 

where h is the phase with respect to the reference. Also 

let the reference be given by A-e ^ ̂ ^' since its phase 

may be arbitrarily chosen. Then in the detector these two 

signals are multiplied together in the detector to yield 

an output voltage, E ' , of the form 
out 

^out = A o V ^ lwt+ {ut+ n] (3.8) 

or 

The upper sideband is of no interest and it is removed by 

filter circuits. Thus, the result is 

^out = ^0^^"^ ^ • <3.10) 

This signal is clearly proportional to the amplitude and 

phase of the input signal. It Is also clear that, for 

- n/Z < S <rr/2, E . will be positive; while for 

n/Z< S <3 n/Z, E^^^ will be negative. This sign varia

tion is combined with the amplitude variation to give the 

derivative of the absorption line, rather than the line, 

itself. From the above analysis. It Is clear that If the 

input signal varies about OJ by + ACO , then the output will 

vary about zero by + ̂ UJ • Thus by selecting the bandwidth 

of the output circuit, one can determine the bandwidth of 

the entire detection system. (The minimum bandwidth 

Sa£i,< 
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obtainable with the JR-5 is .024 Hz.) 

The output of the phase-sensitive detector is ampli

fied by a dc amplifier and displayed on an Esterllne-

Angus 0-1 ma chart recorder. This recorder contains 

three sets of interchangeable drive gears which allow six 

chart speeds to be selected. 

In the case of the superheterodyne system, the 30 MHz 
f 

output of the signal mixer Is coupled directly into the 

attached 30 MHz preamplifier. From the preamplifier, the 

30 MHz signal is fed into a wide band 30 MHz amplifier and 

second detector unit. This amplifier has a bandwidth from 

26.1 MHz to 33'2 MHz, and it contains a discriminator as 

the second detector. To minimize FM noise, the unit was 

modified in this laboratory by replacing the discriminator 

by a simple diode detector. Although the amplifier has 

provision for automatic gain control, manual gain control 

is used with ovir spectrometer. This is accomplished by 

placing a 0 to -6 volts dc (vdc) bias on the age line. 

The output of the second detector, which appears at 

the field modulation frequency (400 Hz), Is fed Into the 

CR-4 preamplifier and JR-5 lock-In amplifier. The output 

of the JR-5 is then displayed on the chart recorder, as 

with the 100 kHz system. 
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Automatic Frequency Control Systems 

A schematic diagram of the AFC unit, used to lock the 

source klystron to the sample cavity, is shown in 

Figure 11. This unit, which is a modification of the 

Pound i.f. stabilizer,^-^ is similar to that used by Varian 

22 

Associates. In operation a small part of the 10 kHz 

oscillator output is used to modulate the klystron reflec

tor voltage, thus varying the klystron frequency around a 

center frequency, f-, at a 10 kHz rate. Simultaneously, 

the remainder of the oscillator output is coupled through 

a variable phase shifter to the reference amplifier. A 

portion of the output of this amplifier is fed into the X 

axis of an oscilloscope, and the remainder Is fed into the 

reference input of a phase-sensitive detector. The signal 

input of this detector is driven by the AFC signal from 

the crystal which has been amplified in the signal ampli

fier. The dc output of the phase-sensitive detector is 

then placed in series with the klystron reflector in order 

to correct the klystron frequency. 

An understanding of the theory of operation of this 

AFC system can be gained by examining Figure 12. As shown 

in the figure, the output of the crystal detector will be 

a 20 kHz signal, when f = f̂ ., the cavity resonant fre

quency. However, when ^Q 5̂  f̂ * there will be a 10 kHz 

output signal. It is clear from the figure that the phase 

and amplitude of this signal will depend on the sign and 

^magnitude of (f^ - f ). Thus when such a signal is 
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phase-sensitive detected, it may be used as an error vol

tage to correct the klystron frequency. The theory of 

operation of the phase-sensitive detector is similar to 

that described for the lock-in amplifier. 

There are a number of important details which must 

be kept in mind when constructing this type of AFC system. 

The first concerns the klystron reflector modulation vol-

tage. This must be kept small so that the klystron fre

quency variation will remain small. The latter is 

necessary to avoid distortion of the magnetic resonance 

line. The second detail is that of chassis layout and 

shielding. Although this is not extremely critical, 

sufficient care should be exercised to avoid having 10 KC 

from the reference circuits enter the signal amplifier. 

Such interference can cause erroneous error signals to be 

generated by the phase detector, thus making it difficult 

to lock the klystron. 

The 30 MHz AFC unit, which is used with the super

heterodyne system, is shown in Figure I3. This unit 

operates as follows. The 30 MHz output of the balanced 

mixer is fed into a wide band 30 M z ampllfler/llmlter, 

which is a surplus unit in which the final stage was modi

fied to act as a limiter. This modification was necessary 

in order that the phase-sensitive detector would only 

respond to phase differences between the signal and the 

reference. From the amplifier, the signal Is fed into 



39 

Pi o 
H 
CJ 

H 
M 
O 

^^ W 
td > 

"^ M 
H 

CO M 
iH W 

-w w 

H cn 

N 

I 00 

fTm_|i 5 

K 
K 

o 

•4 

o 
CO 

i^xj.. • 



^V^ww-Ti « 

40 

o I 

I 

^--AAAAAAAAAAAA^AAAT-II. 
o o 

en 

M 

Pi 
M 
M 

M 

U 
Q 

O 
^ 
^ 

o 
k 

Q: 

itt>. 



r«-r 

41 
w-



42 

o 

1. 

nmnnnnn 

v>^ 

<0 

N 

O 

CO H 

Pi 
M O 
g F>C4 

CO 

M 

g 
P4 



43 

the signal input of the phase-sensitive detector. The 

reference signal for this detector is derived from a 

5 MHz cryjstal controlled oscillator, 10 MHz doubler, and 

30 MHz tripler, as shown in the figure. The error voltage 

output of the phase-sensitive detector is amplified by 

the dc amplifier and placed in series with the klystron 

reflector. This error signal is derived from the fact 

that as the mixer output varies around 30 MHz, its phase 

will vary with respect to that of the reference. 

Construction of this system was more difficult than 

that of the 10 kHz system because of the much higher fre

quency involved. Each section of the unit must be well 

shielded from all others to avoid interference effects. 

The crystal oscillator is of the typical modified Pierce 

23 type and presented no special problems. The 10 MHz 

doubler likewise presented no special construction pro-

24 
blems. The 30 MHz tripler presented some problems in 

that the input and output coupling proved to be very criti

cal. Although the original circuit employed a primary coil 

of several turns wound on the input Inductor, the input 

coupling method shown here proved to be more successful. 

The output coll is a single turn of hook-up wire wound 

over the plate coll. This is connected in series with a 

10 MHz trap to minimize 10 MHz in the output, which is 

approximately 15 v under no load. The phase-sensitive 

detector is a vacuum tube analogue to a transistor 

xmlt^^ and the dc amplifier is similar to the input stage 

'/mM 
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of an operational amplifier given in a transistor circuit 
26 

handbook. These latter components, as well as the power 

supply, presented no particular problems in construction. 

The alignment of the unit proved to be straight for

ward. The oscillator and multipliers were aligned for 

maximum output with the aid of an oscilloscope and VTVM. 

With the input of the dc amplifier shorted, the balance 

control was adjusted, for zero reading on the output meter. 

Then with a low frequency ac signal applied to the input, 

the bias and current controls were adjusted for optimum 

output, as observed on an oscilloscope. Finally, the 

balance control on the phase detector was adjusted for zero 

output with a reference signal applied and the signal input 

shorted. It has been found that little readjustment is 

necessary once the above adjustments have been made. 

Magnetic Field Production and Control 

The static magnetic field, H^, is provided by a 

Varian V-3400 electromagnet. The pole caps used with this 

magnet are type V-3454, having a 9 Inch diameter and 2.68 

inch gap. They provide the high degree of homogeneity 

required over the sample volume. This magnet, which can 

produce fields from 0 to 10 kilogauss, is mounted on a 

rotating base to facilitate crystal orientation studies. 

The high degree of stability required In H Is 

obtained through the use of a Varian V-2500 regulated power 

supply. This unit is capable of supplying a current of 

Hisu^. 
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0 to 168 amperes to the V-3400 magnet. In addition to the 

coarse and fine current controls, the power supply has 

provisions for sweeping any percentage of the field, from 

.003^ to 100^. The sweep time is variable in steps from 

0.5 to 100.0 minutes, and the beginning of the sweep may 

be set anywhere in the current range. Both the power 

supply and the magnet are water cooled for efficient 

operation. 

As mentioned in the section on the cavity, magnetic 

field modulation is accomplished by means of coils in the 

cavity walls. These colls are driven by a Mcintosh power 

amplifier. The coils are connected to the 125 ohm output, 

and the input signal is provided by the reference output 

of the lock-in amplifier. Although the power amplifier is 

an audio unit, it has given satisfactory service at 

100 kHz. Within the limitations of the other components in 

the system, this unit provides the required frequency and 

amplitude stability at both 400 Hz and 100 kHz. 

Miscellaneous Components 

Figure l4 shows the scope selector panel which con

tains the oscilloscope input selector switch, the mode 

sweep phase shifter, and the mode sweep amplitude control. 

The connector panel used in conjunction with the superhetero

dyne system is shown in Figure 15* This contains 30 MHz 

amplifier power connections, the dc filament supply, the 

LEL gain control, and the LEL crystal current connections. 

*Sj-i 
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The Bt voltages are supplied to all 30 MHz amplifiers 

by two Lambda 100-200 v, 100 ma, regulated power supplies. 

Although these supplies have only 5 mv ripple, a low pass 

filter was inserted in the B-»- line near the LEL to remove 

120 Hz pickup from the room. A similar supply, modified 

to deliver 300 vdc, is used to supply power to the 10 kHz 

AFC. Power for the source klystron is supplied by a 

Hewlett-Packard 716-A klystron power supply, and the local 

oscillator power is supplied by a modified Polared model 

FX klystron power supply. 

Those components which are not mounted in relay racks 

are supported by a 4 ft x 8 ft table built over the magnet. 

The microwave bridge components are mounted on two small 

stands supported above the main table, which tends to 

reduce vibration noise. 

The microwave frequency is measured with a Hewlett-

Packard model 540-B transfer oscillator and a model 524-B 

electronic counter. A calibration of current vs. field 

strength is presently used to estimate the H^ field. 

Finally, the oscilloscope used with this spectrometer 

is a Hewlett-Packard model I30-C. This scope has a 400 

kHz bandwidth and Identical vertical and horizontal ampli

fiers, having a maximum sensitivity of .2 mv/cm. 

1̂ ^ 
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CHAPTER IV 

* OPERATION AND MEASUREMENTS 

Operation 

100 kHz System 

Before power is applied to the klystron, all switches 

and controls should be checked for the proper setting, as 

shown in Table 1. The setting of those controls not 

shown is somewhat arbitrary. After all controls have been 

TABLE 1 

CONTROL SETTINGS FOR THE 100 kHz SYSTEM 

Unit Control Setting 

AFC 

Scope 

Scope 
Selector 

Power Selector 

AFC Gain 

Modulation Amplitude 

AFC on/off 

AFC Phase 

Power 

Vertical Sensitivity 

Horizontal Sensitivity 

Selector Switch 

Phase 

Sweep Amplitude 

On Mode Sweep 

Mid-range 

Mid-range 

On 

Mid-range 

On 

.5 volt/cm 

.5 volt/cm 

Mode Sweep 

.Mid-range 

Maximum 

49 
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properly set, power should be applied to the klystron, 

and the system should be allowed to warm up for approxi

mately thirty minutes. 

After the system has warmed up, the klystron 

reflector voltage and tuner can be adjusted until a pat

tern similar to that of Figure l6(a) Is obtained on the 

scope. If there appear to be two partially superimposed 

patterns, adjustment of the mode sweep phase brings them 

together. The iris tuning screw is then adjusted until 

the dip just reaches the base line as in Figure 16(b). 

With these adjustments completed, the klystron can be 

locked to the cavity. This is accomplished as follows. 

While the mode sweep amplitude is slowly decreased, 

the klystron reflector voltage is adjusted so that the 

dip remains in the center of the screen. After the mode 

sweep amplitude has been decreased to near zero, in the 

above manner, the selector switches on the AFC and scope 

panel are switched to operate and AFC respectively. A 

pattern similar to that of Figure 1? should then appear 

on the scope. If this pattern Is not symmetric. It can 

be made so by adjustment of the AFC phase control. With 

these adjustments completed, the klystron Is locked to the 

cavity, and no further adjustment should be necessary 

unless the sample Is changed. 

With the klystron properly adjusted, the amplifiers and 

magnet can be turned on. The coarse current Is then varied 

until a resonance line is found. V/lth the line on the 

ii&' 
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(a) (b) 

FIGURE 16 
OSCILLOSCOPE PRESENTATION OF THE KLYSTRON MODE 

FIGURE 17 
I OSCILLOSCOPE DISPLAY OBTAINED WHEN THE SOURCE KLYSTRON IS LOCKED 

.^ 
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recorder, the gain controls, field modulation, and slide-

screw tuner are adjusted to optimize the signal. The line 

can then be scanned with the field sweep in order to 

obtain the desired information. Before the system is 

operated, all equipment manuals should be read thoroughly. 

Superheterodyne System 

In operation, the signal klystron is locked to the 

sample cavity in the same manner as with the 100 kHz system. 

However, before power is applied to either klystron, the 

additional controls listed in Table 2 must be checked. With 

TABLE 2 

CONTROL SETTINGS FOR SUPERHETERODYNE SYSTEM 

Unit Control Setting 

30 MHz AFC 

Connector 
Panel 

30 MHz 
Amplifiers 

Power 

AFC on/off 

AFC Gain 

Heater Power 

Bias 

B+ Supplies 

On 

Off 

Mid-range 

On 

On 

On 

these controls properly set. power may be applied to both 

klystrons. The entire system should then be allowed to 

warm up for approximately thirty minutes. 
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Before attempting to lock the signal klystron to the 

cavity, the bridge should be balanced. This is accom

plished by inserting the probe into the slide-screw tuner 

and moving the tuner along the waveguide. In doing this, 

it will be noted that there are two points at which the 

crystal current is a minimum. Between these two, there is 

a relative maximum, and the tuner should be set on this 

point. After the bridge has been so adjusted, the signal 

klystron may be locked, as indicated above. 

After the signal klystron is locked to the cavity, the 

local oscillator may be adjusted so that the output of the 

LEL preamp is approximately 30 MHz, and the meter on the 

30 MHz AFC unit reads zero. The AFC on/off switch is then 

turned on, and the gain and phase shifter are adjusted 

until the most stable 30 MHz signal Is obtained. 

With the above adjustments completed, the amplifiers 

fiuid the magnet may be turned on. When a resonance line is 

found, the gain controls and the bridge balance may be 

adjusted to optimize the signal. The system Is then ready 

for use. 

Preliminary Measurements 

The data presented In this section were taken on 

samples of Dlphenyl-1-plcrylhydrazyl (DPPH) dissolved 

in benzene. (DPPH Is a free radical with one spin 

per molecule and g = 2.) The spin concentration of 

the samples is listed in Table 3» Sample 1 was 



Sample 

1 

2 
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TABLE 3 

SPIN CONCENTRATION OF SAMPLES 

Concentration . 

2.4 X 10^9 spins/cc 

2.4 X 10^^ spins/cc 

Sample Concentration 

3 2.4 X 10^1 spins/cc 

4 2.4 X 10^^ spins/cc 

prepared by dissolving 16O.I milligrams of DPPH (molecular 

weight = 394.53) in 10 cc of benzene. Each succeeding sam

ple was then prepared by diluting 1 cc of the previous 

sample with 9 cc of benzene. 

Measurements were made with both the 100 kHz system 

and the superheterodyne system. Control settings for these 

systems are shown in Tables 4 and 5t and the results are 

shown in Figures 18 and 19. 

In examining these results, one should keep in mind, 

that due to errors in measuring the amounts of sample used, 

the concentration could be off by a factor of U-jo or three. 

Also, due to the size of the sample tubes, the total amount 

of sample in the cavity was not more than .5 cc. An 

examination of Figures 18 and 19 shows that the line width, 

AH,/c, is approximately 13 gauss. Thus, the sensitivity 

14 A w 

of the 100 kHz system is approximately 9-2 x 10 A ^1/2 

spins, and the sensitivity of the superheterodyne system 

is approximately 9.2 x 10^^ A \/2 ^Pins. From the measure

ments made with the 100 kHz system, g = 2.06; and from the 

measurements made with the superheterodyne system, g = 1.96. 
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TABLE 4 

CONTROL SETTINGS FOR MEASUREMENTS MADE 
. WITH THE 100 kHz SYSTEM 

Klystron Frequency 
Crystal Current 
Reference Level 
Power Amplifier Gain 
Coarse Current Setting 
Fine Current Setting 
Sweep Range 
Sweep Time 
Magnetic Field as 
Obtained from 
Calibration Chart 

Sample CR-4 Gain 

1 lo3 

2 10^ 

3 10^ 

4 10*̂  

9.522 GHz 
140 A 
.1 
3/4 
297 
•^^ . ^ 4 
.Sf (.8̂  of 10^ gauss) 
1 min. 

3,300 gauss 

Lock-In Gain 

.005 

.005 

.05 

.2 

Note: All numbers which are not followed by units are 
control settings. These settings do not correspond 
to any particular units. The magnetic field value 
is that at the center of the sweep. 
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TABLE 5 

CONTROL SETTINGS FOR I4EASUREMENTS HADE WITH 
THE SUPERHETERODYNE SYSTEM 

Klystron Frequency 
Crystal Current 
Reference Level 
Power Amplifier Gain 
LEL Gain 
Coarse Current Setting 
Fine Current Setting 
Sweep Range 
Sweep Time 
Magnetic Field as 
Obtained from 
Calibration Chart 

Sample CR-4 Gain 

1 

2 

3 
4. . 

10 

10^ 

10^ 

10^ 

9.523 CHz 
200 A 
.05 
1/4 
1/2 
323 

.75% 1*15% of 10*** gauss) 
1 min. 

3,500 gauss 

Lock-In Gain 

.01 

.01 

.05 

.1 

Note: Numbers not followed by units are control settings 
and do not correspond to any particular units. 
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The greater part of this error is probably due to errors in 

magnetic field measurements. These errors can be minimized 

by the use of an NMR probe to measure magnetic field. 

Although the sensitivities of both systems are considerably 

less than the desired sensitivity of 2 x 10"̂ ^ A % / 2 spins, 

these can probably be increased by the improvements which 

are discussed in the following chapter. 

%:' 



CHAPTER V 

DISCUSSION OF IMPROVEMENTS 

AND FUTURE RESEARCH 

From the data presented in the preceding chapter, it is 

clear that the sensitivity and signal-to-noise ratio of the 

100 kHz system are better than those of the supeo^eterodyne 

system. However, there are a number of improvements which 

must be made in both systems in order to obtain the desired 

sensitivity. 

The first of these improvements is the use of better 

klystrons. The signal-to-noise ratio of both systems could 

be improved by the use of lower noise klystrons. Also, the 

sensitivity of the 100 kHz system could be improved by the 

use of higher incident power on the sample cavity. 

In order to improve the signea-to-noise ratio, a 

different mounting arrangement should be used for the micro

wave components. The large table above the magnet should 

be removed and replaced with a much smaller table for 

supporting microwave comi>onents. The remainder of the 

electronic components should be mounted in a second relay 

rack similar to one now in use. This would eliminate much 

of the vibration pick-up from fans and pumps. 

Other less important improvements would be: 1) the 

use of better shielding on cables, 2) the use of a circu

lator, rather than the "magic T" on the 100 kHz system, 

and 3) the construction of a small 100 kHz power amplifier. 

60 
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Such an amplifier should be used in place of the Mcintosh 

for 100 kHz field modulation. This would probably reduce 

the 100 kHz noise which is caused by having to operate the 

Mcintosh power amplifier at full power for 100 GHz modula

tion. These improvements should greatly improve the sensi

tivity and slgnal-to-nolse ratio of both systems. 

As mentioned in the introduction, the work reported 

in this thesis is a part of a larger research project. The 

project involves the study of the paramagnetic properties 

of Ti"̂  in cubic and trigonal crystal fields. In partlcu-

3+ 
lar, AlgO^ doped with Ti*̂  will be studied. Although 

results of ESR studies at liquid helium temperatures have 

27 

been reported, no data is yet available on the tempera

ture dependence of the spectrum. It is hoped that such 

data can be,obtained with the spectrometers described in 

this thesis. 
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