THE DESIGN OF A TWO-LEVEL SOLID-STATE MASER

Colin Kydd Campbell

A Thesis Submitted for the Degree of PhD
at the
University of St Andrews

1960

Full metadata for this item is available in
St Andrews Research Repository
at:
http://research-repository.st-andrews.ac.uk/

Please use this identifier to cite or link to this item:
http://hdl.handle.net/10023/14789

This item is protected by original copyright


http://research-repository.st-andrews.ac.uk/
http://hdl.handle.net/10023/14789

ProQuest Numler: 10166667

All rights reserved

INFORMATION TO ALL USERS
The quality of this reproduction is dependent upon the quality of the copy submitted.

In the unlikely event that the author did not send a complete manuscript
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.

ProQuest.

ProQuest 10166667

Published by ProQuest LLC (2017). Copyright of the Dissertation is held by the Author.

All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code
Microform Edition © ProQuest LLC.

ProQuest LLC.

789 East Eisenhower Parkway
P.O. Box 1346

Ann Arbor, MI 48106 - 1346



THE DESICN OF A TWO-LAVEL
SOLID-BTATE MASER

- Thesis
presented by
Colin Ke Campbelly-BeGCsy SeMey MeLeRoks
to- the
- University of 5t. Androws
in application for-the Degree

of Doetor of Philosophys




~> 2150




BECLARATION

I hexaby declare thal this thesis
has been composed by me, is-a record of work
garried out. by me and has not previously

been presented for a higher degree.



CERTIFICATE

I eertify that Colin Kydd Campbell, Be3Csy Gsiley
MeIeReliay hasa gpent nine terms as a research student
in the Physical Laboratory of the United College- of
the University of St. Andrews, that-he has fulfilled
the conditions of Ordinance Nes 16 of the University
Court of St.-Andrews -and that he. ls qualified to
submit-the accompanying thesis in application for
the degree of Doctoxy of Philosophy.

Research Supervigor



CAREER

X-served in the Royal Corps of Signals-and- the
Diplomatic Wireless Sexvice from-1944 - 1948 before
matrieulatieﬁnin the University of Ste Andyrews > wheve
Ixfollqwed & -course-leading to graduation in 1952 ih
Tlectrical Bngineering..

- I studied at-the Massachusetts Ingtitute.of-
Technology in- 1951 with-the aid of a»Gaira Travel -
Grant, and again at-that Institute. in 1952 and- 1953
enAthe~Maaaachusetts‘Golﬁquspo;ation-Scholamship,»n

and there I was awarded the-H.ils Degree-in Blectrical

Engineering-in 1983 and elected to Associate

'%' Membership of Sigma Xie-

j I was an electronios design engineer until

§ O¢tober 1957 when I was adwitted by the . Senatus
\é Academicus as -a research -student and began the work
% which is the subject of this thesis.  This research

was made possible by an award from the Royal Naval

elentific Service.




ACKNOWLEDGMBNTS

[

1 should like to e&press my szncere thankq to .

Professoyr J.feAllen,;FeReSe

DT

DeBijlsFeReSelle

Royal Naval Scientific

DX

Mr?

Mx.

MXe
Mre

U8 of

Service -

D.08borne

Jqurrard :

JOL‘IGF&b) l"f.ro HQ Bil‘d'
TeMarshall,MrsG.Dunsire,

e Akerbaum, Mr. HePirie .

ReMitchell

H.Caims

qfor suggeatlna the topio and

for encouragement throughout

for his supervision and for
- his most he?pful advioe

for a researdh and equipment
. grant .

ror nany stimulatxng gonver-
~aat10ns

for help with: the photographs

for their"exoelieht'work
on the equipment

for the plent1ful supply of
.o liquid holium o

for his gencrous assistance
with components

and to the Research Officers at Harwell, Dounreay, ..

SsReDslis- Christchurch, and University of Reading for

the supply and irradiation of specimens.



TABLE OF CONTENTS
S68C.N0. ' page
1 | INTRODUCTION . . . a
lel The Maser . . . 1
1e2 Seope of Thesis . » . 4
2 STIMULATED AND  SPONTAWEOUS BHISHSION OF RADIATION ﬁ
el instezn’Translﬁlonal Probabilities - - -~ . G
2.2 . The Cmissive Condition . . 8
245 Quantum-lMechanical Treatment of Transation
: Probabllltles . . . )
i 3 RESONANCE AND RFLAKATION PRQCBSSBS Iﬁ'PARA— )
: il MAGNLTIC BOLIDS: == Introduction ’ . 14
Be.1 Spin Hamil‘bonian R TN % 14
3e2 Paramagnetic Resonance . 16
3.3 . @pin-Lattice and Spinﬁapln Relaxat;on Processes . 17
S«4 Saturation - ‘ . 20
345 Power Flow between the Paramagnotlc bolid ‘ "
; and the Radiation Field . . a1
3:6. The Bloch Formulation . . 24
4  CIRCUIT RELATIONSHIPS FOR A- PAR&MAGNETIC SOLID/IN A
MICROWAVb REFL&GTION CAVITY IEOONATOR @ ==
Introductlon . . 29
: 4el Resonant Cavity Q factor i} s | e 29
3 4,2 ELffect of a Paramagnetic Solid in the Cavity . 31
3 4¢3 Conditions for Regenexative and Super- ' e
; regenerative iaser Action . . 33,
F 4.4 Ga1n-Bandv1dth Product . . . 35
; 6  INVERSION CRITHRIA AND CHOICE OF PARAMAGNETIC '-
' = CRYSTALS - ==~ Introduction . . 37
f S.i.< Inversion Teohniquea oo = . . 37
i 5.2 Paramagnetic Crystals. Investlgated » . 41
3 6+2a Neutron Irradiated HMagnesium Oxide. . . 42
i 5.2b Neutron Irradiated Dianond Specimens . . 44
5:2c Phosphorous Doped Silicon Crystals . . 4G



et sy

S, e

e o T

SQQQNOO v O B A R
6 = DI}SGRIPTION -OF THE APPARATUS == In‘broductlon .
6.1 Miorowma Circuitry . . ..
6s1a Input-Cirouit-. . » _
6y1b Reflection dircuit . . ,
6s1c Monitor C:Lrouit . . .
6«2 - The Cryostat. . . . .
Gs2a (lass Dewars - . . ’
6+2b Cryostat Gonatmction » . .
6+2¢ Thin-Wall Wave Guide . . .
‘6424 Resormant Cavity Design . . .
6«3 - The’ Magnet System - : ’ . .
6+4  BEleotronics - - . . .
6s4a Klystron Povwer Supplies . . .
6‘§4b I+ Fe Amplifier . .. . * »
6.4c Pulse Qirouit Power .. . . .
6.4d Pulse Cireuit Design . . .
645 HighsFrequency Altamator . . .
7 QPERATION AIID RLSUI:TS -~ Introduction . .
- TaX ryoatat Perferma.nce gt v wmiEes g R R
7.2 Spectrometer Sensitivity.. . - ' i .
7+3  Alignment-Procedure' for Steady-ata.te Resonanee
Absorption Experiments ‘. ”
7«4 Diamond. Specimens - Stea.dya-atate Reannance
Phenomena' ' .
'735 ‘Mg0 Cryatals == Steady btate Resonance R '
' - Phenomena' ' . = L9
796, MgoiCrystals = Transient Resonanoe L}?henomena e
77 Mgo0 Crystals == -Preliminary Inversion Lxperiments
7¢8- : Inversion. ixperiments-with the
. -TH'. 102 . Resonator. .- .
7',8& Ampllfic&tion Wwith 1Mgo at 1»5°K .
7:8b Oseillation - with Mgo at 1.3% »
78¢ Saturation with-Diamond at 1 5°K .
7.84 Resonance :Dxperiment with Phosphoroua~
: Doped Silicon . . .
8 CONCLUSIONS AND RuECOMMENDATIONS . .
APPENDIX A . . .
REFERENCRES | B . .

‘¥ & 8 @

108
110
114
119
121
124
132

134

136

138
139



.y Wi S

LIST OF ILLUSTRATIONS

ﬁ‘iEQNOQ .

1 uuaoeptibility Components as Function

, of baturation ; . . graph
2 Masexr Hlectronics Layout B » photo
. B Microwave Circuit . »  schenmatic
4 Hagriet and Cryostat B . photo
.5 Magnet and Microwa.ve Syatam . . . A
"6 Cryostat ' L »  schematic
w TE11l and TE102 Cavity Resonators =~ . photo

8 Mgo Resonance Line with Two Satellites "
.9 Mg0O Resconance Line with Two Satellites ,
X ( shimmned pole. pieoes) W : S
10 Power Supplies « + ochematic
Al Cirquit Connections fox Klystrons . o
12 X=13 Klystron Power | Supply , n
13 Pulse Circuit Power Supply .« " L
14 lisser Pulse Cireuitry --~ part I o "
15 Maser Pulse Circuitry == Paré 2" ~ . = 0
16, Pulge Circuitry for Adiabatic Fast

Faspage Inversion « block diagram

17a Timing Sequence w= Frequenay . ) 3
: - Sweep Method. : ‘. » drawing
170 Tinming Sequence -~ Fisld Sweep Method . e
18  Field Sweep Fower Auplifier . . schematic
19 Altemator Fiald Sweep Circuit " "bloek dia.gram
20 Saturation Characteristics for Irradiated
: Diamonds . . . graph
21 Diazgond.und ‘Blue Plasticene Resonance . photo
23 Mg0 Relaxation with Low- Inverting Power L
23 ME0 Relaxation with Med. Inverting Powsr "
24 Mg0 Relaxation with 4+ W Inverting Power #

Page

89
91
100
103
103
103
103



:B‘ignNOg S LA Sl o S I o it o

- Page
25 Mgo Relaxation with Undercoupling g .. photo. ,‘171?:.
26 MgQ Relaxation w:.th Gvercouplmg . " 118
2% Mg0 Relaxation == Over= to Undercounling " 112
38  Mg0 Relaxation with Field Sweep , " 118
29 Field Sweep Driv:mg Voltage = & " 123;
30 Mgo Absorption and Cavity Reflection « " 123
31  MgO Resonsnce Absorption . . W 3183
32  Mgo Emission = g . " 123
B3 Mgo 0scillation Pulae wmth_‘_h_ ‘ e
. Amplitude Modulation . ‘ " 126

34 Mg0 Oscillation Pulse without = '
Amplitude Modulation « ~ 77 U 130

35 Mg0 Oscillation Eulse w= IF Ampli.fier '
i Saturated . i 130

36 MgQ Oscillation Pulse - Amplifier ) i
. "Uneaturated During Inversion =~ . {'_ 130
37 Diamond 29 Saturation Cha.mctemstm )
100 mlerosec after Power Pulse . gmph 133

v??n;m's'.-mm?."'“»“ e

-
R diics)




CHAPTHER 1

IHTRODUCTION

le1 The laser

Prioxr to the development_of the maser, amplification -
and oscillation in microwave devices were obtained by the éon~
veision of d=¢ power to rf powver through the interaction of
dharged particles with an aleetroﬁagnetio field. In the mascr
devices with vwhich we are concerned, energy conversion is -
achicved through the interaction of an electromagnetic field
with a molecular system which may be unchargeds

" in the past, prime interest in the field of Hlcrowave
Spectroscopy has been confined to the study of the mechanisns

governing the absorption of miocrowave enexgy by a quantum
gystem, It was realized, nevertheless, thot under certain -
conditions a quantun system could emit amlcrowave. energy. upon.
the applieatiop of o prescribed stimulant. The name masex is
thuq:derived a8 an acronym foxr - "Microwave Amplification by
otimulated Bnission of Radiation®e

HMolecular gystems which are initially in thermal eouni~
Libriwn with their sufroundinga-will absorb radiotion, fox in
such equilibrium the encrgy states of the systems will be
populated according to a Boltzmann distribution. If just two
cnergy states of an electron spin-systean in a -d-c¢ nagnetic
field avre considered, the lover energy state will be morve.. -

densely populated than the higher enexrgy gstate.e To make the
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system emissive, it is necessary to upset this balance and
arrange for the higher energy level to contain the larger pro-
portion of the electyron population. The case by which this
Pinversion" can be obtained will depend upon the mechanisms
governing the restoration of thexmal cquilibrium and upon the
sharpness of the encrgy levels.

Hifficient masex operation is highly dependent upon the
material which is being excited, and many materials are being
investigated for such use. Efficient operation in this contoxktd
is taken to mean a large gain-bandwidth product if the system
acts as an amplificr, and spectral purity il the system acts
as an oscillatox. In addition, the mechanisms governing the
restoration of thermal equilibrium in an activated material
are temperature dependent, and thus present doy masers operabe
at tewmperatures in the liguid nitrogen to liquid heliwm rangee.

The principal attraction of a maser systom, howoever,
liles in the low noise figure, or noise temperature, that can
be attained. Conventional microwave receivers have overall
noise temperatures of the oxder of 180079K, whereas, one obser-
verl has reported a noise tempe&ature of 209% for a particularx
maser amplificor. Since the prineipal noise contribution in a
receiver comes from the fivst stage (1f that stage has a- rea-
gonably high gain), 0ne~cmn sea that a conventional microwave
receliver preceeded by a maser operating at the same frequency

will constitute a very sensitive receiver indeed. Such a



systen would be particulaxly suitable for radic astronomy
and for long range radars, provided that the gain-bandwidth
criteria were satisfied in the particular apnlication.

There are in existence two types of maser systems,
namely: a) those which utilize emissive material in the gase
cous state, and b) those which operate with emissive mnterial
in the solid state. It is with a subdivision of the latter
type that this thesis will be concerned. Tor the purpose of
completeness, however, a bricf review of the evolution of
the various ﬁaser types follows.

The firet literatursc on stimulated cmission was ascribed
to l'i,}i_nstain8 who formulated a treatment relating the proba-
bilities for emission and absorption of radiation in a molecu~
layr system when that system was undex the influence of an ap=
plied radiation field. The first paper exploring the possi-
bilitics of maser action was by Weber® (Unive of Maryland,
1953). A gaseous (Hﬂa) masey wasAlater.devalopad by Gordon,
Zeligexr and TownesQ-(Oolumbia University, 1954). This was °
followed by thejex@eriments'gf Combrisson and—Town335 in 1955
on a pulsed two-level solid-otate maser. In 1956, Bloem-
ber'gen6 (Harvard University) oproposed a scheme for a thrce-
level (coniinuously operating) maser, whilch.was quickly de-

velopad by Scovil”? (Bell Telephone Labs., 1956).
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le2 Heope of Theais

Thig thesis is concerned with the development of 2 -
two=level, X-band (3 ci. ), solld-state maser for operation

at liquid helium temperatures. The work was initiated as

o

part of a programme of investigations in the field of eleec-
tron gpin resonance at the University of St. Andrewa.

Wnen the thesis programme commenced in 1957, it wag
planned to dev§lop a two-level, solid-~state maser as a micro-
wave amplifier, but it became evident, with the advance of
maser technology, that the three-level maser constitutced a
much more efficient amplifier system. Therefore, the thesis
DPLOGYANe WaS directed_toward investigating the possibility
of using the two-level, solid-state maser as a pulsed micro-
wave oscillator.

Unlike the three~level magaer, the two-level-gystem -
could theorctically be used to generate pulsed oscillations
at.a frequoncy higher than the frequency of invewvsion, and
it was conceivable that useful amounts of power could be
generated in the millimetric and gub=nillimetric regioﬁs of
the spectrum by gsuch means. Since any development along
this 1line would be a long tem progranne, this thesis was
restricted to an investigation of the problems associated
with inversion_and spontaneous (but controlled) oseillation
at the game X-band freqguency.

The principal materials selected for investigation

wera crystals of neutron-irradiated diamond and neutron-
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irradiated magnesium oxide. To the best of our knowledge,. -
such dlamonds had not been previously investipgated as poten~ .
tial masey cryatals; Neutron~irradiated g0 had bgen examined
by Chester et 31.8'9_ who obtained successful masexr amplifi-
cation with this type of material. Howevery; these investi=-
gators had not obsecrved spontaneous oscillations with such
crystals.

Chapters 2, 3, 4 and 5 of the thesis cover the essen-
tials of electron spin resonance and maser theory as applied
to the problems at hand. The theory of two-level, solid-
gtate masers has been covered to a large extent by several
authorslo and will not be fully repeated here. In Chapter
5, detalls arxe given of the paramagnetic crystals employed in
this thesis. 1In Chapter 6, the experimental equipment and
its design are covered in detail, while tha remalining two
chapters deal with experimental results, investigations and

conclusionse.
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CHAPTER 2
STIMULATED AND SPONTANBOUS HMISSIOW OF RADIATION

2.1 Hinstein Tyangition  Probabllities

A radiation field can interact with an atomic system to
ofiect tranasitions between stationary states of the atomic
system if the radiation field conitaine components neax 2 Bohr
frequency. Spontoneous transitions can also take place within
the system in the absence of an applied radiation fleld. The
probabilities for such transitions were first postulated by
Bingtein® in 1917 in his guantum theory of black-body radis-
tione. _

Footons obey Dose-Ginstein gtatistics and can be treated
formally as linear oscillators. 1In this way, Planck obtained
an expression Ffor the energy density due to opeillators with

frequencies hetween YV and P # 4V, Lo give his radiation law,

' - 3
C(v)dV = 81‘;‘ (e&’,@d{ o (2.1)
where ()CV) reprevents the eguillbrium eunergy density in the
radiation field.

In the Binstein treatwent, if k =2nd 1 vrepresent .
 states of the atomic system, amd N and Ny - (N.{ ¥y) denote
the number of atoms in the rkth and 1th states, respeetively

(for =y » Bi)s the nuwmber of atoms, Mieq1s making a trensition



from k to 1 per second will be

Ny = Npbxa # WgBrl COVai) (2.2)

in the case of equilibrium between the atoms end a radiation
field. The first term on the right hand side of Bquation 2.2
represents spontaneous trangitions apd is proportional to Wies
while the second term repyesents induced emigsions and ia
proportional to W and to the density of the radiation
field @t the Bohr frequencys The‘axpressions By and B
are time-independent guantities. 1In the sawe way, the number
of atoms making o transition from 1 to Xk per second will

he

Wy = BBy POV) (2.3)

corregponding to abaorpzion. The gpontaneous transition
coefficient in this casc 1s zevo. . The cosfficients, Ay,
Bl and Byys dn the above equations are called the Binstein
Transition PLrovanilities. In the state of eguili?rium
vhen the number of transitiong upwards. and downwards must be
equal, the above equations will be equale. Then it can be

proved that,

By = Bix

- 81‘¥1QVKJ3T3Kl
o3

Byq (2.4)



and in equilibrium Wy snd Iy

ayve related by the Boltzmann

factor

ki

N = oxp[—-(EK"-Et)/ﬂxT‘) {2.5)

Trom the above relationships we mey derive the Planck radia-
tion fomulas

The Minstein rvelationships have beon stressed to show
that spontaneous (phase incoherent) enission at microwave
frequencies is negligible in compaxison to the coherent in-
duced emission, for if we substitute values in Gquation 2.4
£or Ayys at 10 kilo/s, then Ayy . By = 6 x 10728 and
hence may be neglected in any practical caleulations other
than on noise.
de2 The Buigsive Gon@itioq'

It can be seen from Bguations 22 and 23, that if ‘we
legitimately mneglect the spontaneous transition probability,
fyeq s the condition for emigsion of radimtion xeduces to the
simple fova Ny 7 My « Thus the emissive condition. requires
that the equilibrium population distvibution in the atomic
states should be inverted. It is further evident that after
inversion, the ratio, M /W,, should be as high as possible .
for the cmitted power will be proportional to the population
difference. Now:.a perfcet population inversion in a two-

level spin system will correspond mathematically to a spin
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temperature change from # Tinitiar t0 =~ Tinitials hence
the initial (equilibrium) temperature should be asg low as
possible. Hven at low temperatures population differences

at 10 kie/s are not large. For example, with this two-level
systemn, the population ratios would bhe

Ny

= 99.8% for T = 300°K

My

=  388% for T = 4%
Ny

Under "steady-state" conditilons with the two-=level spin system
o negative temperature cannot be realized as the density of -
the incident radiation fleld-is increased.  The best that one
can hope to achieve under such conditions is an eguality of
populations corresponding to a spin temperature of - £oO ..

It is necessary to employ transient technigues to effect a
population inversion between two energy levels of a spin

system. This will be discussed in Chapter 5.

2sd Quantum-Mechanical Treatment of Transition Probabilities
The topic.of transition probabilities will be discussed
briefly from the guantun-mechanical viewpoint, as the results
of this treatment are of great importance in our later calcu~
lations. The results will Dbe quoted without proof which has

been fully derived by various authorslls12, For simplicity,
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the discussion will be a semi~classical one with the radia-
tion field unquantized, and only coherent radiation will be
congidered. '

In most many~body problems, the exgct Hamiltonian=-
Tunction cannot be calculated, and consequently the
Schrbdinger equation can be -solved exactly in only a few
simple cases. To overcone this drawback, approximation tech-
niguegs guch as the Perturbation Method may be applieds An
energy perturbation in an atomic system may be of a time-
independent or time-dependent nature. . The perturbing influ-
enée'of an electric field in a paramagnetic salt such as
Tisf,set up by surrounding charges, may be taken as an ex- °
ample of the former perturbations The influence of electro=-
magnetic radiation on a paramegnetic systen (zpain such-as
Tisff may be regarded as an ex&mplg of the latter type of
perturbation. It is with the time~dependent perturbations
that we shall concern ourselves.

The time-~dependent Schrddinger equation is of the fomrm

II{I._‘. _C}_ir 2.6
b cri (R.6)
where - C »
HaH, £ H' = Hamiltonian operator for the
perturbed system
I, = Hamiltonian operatoy for the unperturbed system
H' = .Time dependent energy perturbation'operator.-

Wow since any state function may be expressed in terns of a
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Llinear combination of pure enexrgy state functions (or, using
the Dirac terminology, since any ket can be expressed lincar-

ly in terms of the basic kets of a representation), the wave

function for the perturbed gystem may be written,

o= 7 ) Ya - (2.7)

where the \f’n are independent of time and relat.éd to ‘}_’ bys

¥ = 7, cult) , exp(-in, 4 (2.8)
S n i

In Equation e 8 :En is the enexgy of the stationary state ‘Vn
«] and ;ﬁ = h/?'?f.
5‘braight.torward analysias for the tme-dependence of the €u's

then give_s

R

aCp 1 '
.&.g " o Zﬁk(t) (Hl) exp(é‘?»?‘i\’nut) (2’?)

where .,I-I_r‘;k is the matrix element forming the repre sentative of

the Hamiltonian opemtor H* for states n and k, such that,

(H),) = J b utfay (2.10)

tim integration extending over the wholé volume,V, of the
co-Qrdina’c-e system. The termvnk represents- the transition
fre\quency betwean states n and k  andsls given by Vnk =
(By = By)/he The texm, \Un* is the conjugate complex of. \f’n -

If the systen is in state Lk at time + =.0, before the
perturbation is applied, then |¢y|® will give the probability
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that the systen is in state n after time' te In this~case,
thevefore, C, = 1, and all the other C's = 0 at t = 0, so
that

’ r
Oalt) = 3& (Hp,) exp(2Xi)) t)dt. (2.11)
(v]
s 2K (Hr'zlc) exp{-_—-Z‘)\'i(E@ - Ek),‘b/h} -1 (2:12)
b BN(®, = Hy)/h

In. the case of a magnetic dipoloe. transition between states
n and k under the influence of a perturbing electromagnetioc
field {(Boos2Xyt), the nk'h element of the perturbation

natrix is given by

*
1 ot Tt
(65 = j\{/n n'Y av |
) : R
?z 5
=B oos(awvtuwsfquav (2413)
« &y ; . .
wheye the integral represents the strength of the magnetic
dipole transition coupling the two states; where‘/i is the
magnetic dipole momente.

Thus far, only two exactly defined states have been
“envisioned. As the energy levels ave -not entirely sharp, a
function, P(») » -must be included to account for the density
of the final states. This density function may be expressed
in the normalized fashion

+cd :
j oYY w1

~cO
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When this expression is included in the. squared probability.
equation (No. 2412) for monocghromatic states, and the result-
ant expression integrated over the frequency range -0D to

£ oD, the following expression is valid for the overall trans-

ition:  probability Pus

- + 0D
: 2
Puk = J l en(t)[ ’3@(7)‘:11'-% ﬁ;‘lé— 1(1-1;1{){2(9 V)t (2.14)
—D
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CHAPTER 3
RESOWANCE AND RELAXATION PROCESSES
IN PARAMAGEETIC SOLIDS

introduction

This chapter covers briefly those parts of paramagnetic
resonance and relaXxation phenomena relevant to the problems
encountered in this thesis. The transitional probabilities
digscussed in the previous chapter are applied to the problen
of calculating the power flow between a paramagnetic system
and an electromagnetic radiation field when relaxation pro-
cesses are considered. The relationships between power flow
and relaxation may also be expressed in macroscopic tems,
as in the Bloch equationalﬁ.

As stated in Chapter 2,in order to evaluate the prop-
erties of a quantum system, it is necessary to establish a
Hamiltonian function, H, representing the total energy (poten-
tial and kinetic) of the system before an attemnpt is made
to solve the Schrbddinger equation. Tor the case of a para—
magnetic crystal in a d-c magnetic. field, B, the Haunilton-
ian can be expressed (in temms of decreaning enexygy) by the

following:
H = Vo AWy # Vg 7 Vgg //6(1, A 28).B

f" \"IJ.I - ann Bel

(3.1)
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Here, W, represents the coulomb interaction of the elestrons
with the nucleus and wiﬁh egch other. The terms. Wrg - and .
Wgg represent the spin-orbit interactions and the spin-spin
intexaction, vespectively. The ﬁv t@nm répresents the .
effect of the erystal field where V(x,y,z) is the crystal-
line potential. In the iron group of hydrated salts, this
inveraction is laxrge compared with the spin-orbit interac-
tions and small compared with the coulomb interaction. Im
the rare earth 5alts,:theveffect of the crystallline field is
smaller than the spin-orbit interactions, but greater than
the nuclear interactions. Interaction with an external mag-
netic field, B, gives rise to the temn 16(1. # 28).B where B
is the Bohr magneton, and 1L and & refer to the orbital:and
spin momenta of the contributing electrons. Texm Wy; rep~
regents the interaction between the magnetic moment of tke
nucleus and the magnetic field set up by the orbital and

spin moments of the electrons. J vefers to the total angu~
lar momentum of the elect?cng and 1 to the nuclear angulax
momentuwn. e Linal texm, ”Xhﬁh «Is refers to the direct
intevaction between the nuclear moments and the external
magnetic field, B, where ), = nuclear gyromagnetic ratio,

and F3n # nuclear magneton. Tie magnitude of this latter
term is-usually negligible. Typical energies involved in

guch moleculay intervactions sye as follows:

Fe s
A TR R
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5 _ i Magnitude
Type of interaction (e=volts)
Optical transition few e-v
HMolecular vibrational transition 10™3
Holecular rotational trangition 10=4% - 10-5

Orientational energies of para=- .
magnetic ions in usual labora~ LR
tory fields (3000g) -

Orientation of nuclear moments' 10‘7

Je2 Paramagnetic Resonance

Paramagnetic vesonance “occurs when transitions between
the Zeeman levels of a spin ¥ system are etffected under the
stimulus of an electromagnetic radiation field, The energy
levels are appropriately separated by the application of a
d=¢ magnetic field., MNaximum interchange of -energy occuus
when the magnetic lield vectors ave orthogonale

The conditipn fovx xesonanee-is,
hf =An = ggn (3.3)

where f = pransitianal frequency; g = apectxoﬁcopic SpLit=-
ting fgotor -~2§0023~for a Yfree" electrons /?w= Bohr A~
neton = el/2mc * 0.927 x 10°%C org/gauss; h * 2NK = 6.62 x
10"27 erg-sec ; AR is the separation of the neighbouring
Zeeman levels. One may also relate g in terma of a gyro-
magnetic ratio Ywhere Y = g(f/H).

As will be .shown, powex'absorption ls proportional to

fg, and for ultimate gensitivity onec should work at as high
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a- frequency as possible. The upper limit for operation is
mainly limited,'however. by the availability of components
ip the high frequency region. Because of such limitations;
¥~band equipment was selected for this thesis. X-band com-
gpnents vere also reaaonahly plentiful"as-xmar surplugs. At
X=band, £ % 10 kilc/s and the  .d-c -magnetic field is

required to be in. the order of 3500 gauss.

S+5 Spin-Lattice and Spin-Spin Relaxation Processes

If the energy levels of a guantum. system were perfpct~
ly sharp, as was assumed in the first part of the transi-
tion=-probability analysis in Chapter 2, energy would only be
enitted or absorbed by the system. at a monochromatic fre-
guency under the influence of an applied. perturbations In
actuality, the width of a spectiral line can-nefer be less

than that dictated by the Uncertainty Principle,
AV At = B/2N (5.4)

where the“"width“ of a- spectral line is defined as that fre=-
quency interval ‘in which half of the emitted or absorbed
enexgy is containeds In Iquation 3.4, AV -is the enexgy
spread of an excited state and At is the average time
gpent by the atom oy spin in that excited state.

In the aﬁsence of an applied perturbation, spontaneous
transitions would determine the lifetime. of an exeited state,

and thus the spread in eneygy of the excited state. This
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spread in energy would correspond to o 'matural' line width,
Oﬁf)n s Where

(Af)nfz s =1 (35)

2N

and where Akl is the spontaneous transition~pxobability»
coefficient given in Tquation 2.2. In the microwave region,
however, the natural broadening will be negligible in the
pregsence of other broadening processes. A described below,:
the prineipal broadening processea.ancountered in paramagnet-
ic resonance work on solids are due to spin-lattice and
spin-spin relaxation effects.

In the vresence of a perturbing radiation field, a
spin system in a crjstal lattice will (in general). absorb..
enexrsy. Sinpe the spins arejcoupled to the- cxrystal lattice
through spin=orxbit and orbit-«lattice coupling, the lifetime
of an excited state will be shortened‘by this process. Such
a relaxation process is termed a spin-lattice.relaxation
progess. In accordance with the Uncertainty Principle, such
2 relaxation process would increase the energy spread of
an excited gstate and thus4ﬁhe.paramagnetic regonance line
would be broadened.. Tox the type of maser considered here,
Jowever, an operational requirement is that spin-lattice
interactions should be weak. In such instances, therefore,

the resonance lines would not be significantly broadened by
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this effect. The spin-lattice reiax&timn.processes may be
described in terms of a time constant, Ty, and this time
congtant is-define@ hers as the time taken for the spin sys-
tem to couple (1 = 1/e) of its excitation enexgy to the
crystal lattipg in the absence of an applied perturbation.
The spin-spin interaction arises from the fact that
the total d=c¢  magnetic field &cﬁiﬁg on an electyon in a
perapagnetic molecule is that of the "external' magnetie
field plus a contribution which is due to the magnetic field
set up at the electron hy the neighbouring electrons. Huch
& contribution will result in a spread of transition ire-
quencies over the spin Bystem; Lf the spins are wmade to
proecess in phase abouvt the external magnetic-ﬁi@1d~axié, at
the instant + = 0, a coherent magnetic moment will be set
up at that instant in the (xfy) plane orthogonal to that
field (2) axis. The spins will subaequentlylsﬁffer dephas-
ing, and the coherent magnetic moment will decay to zgéo an
the spin system increases to a state:af maximan entropys
The time for dephasing maytbe described as the spin-~spin
rela;ation time. The spin-spin interaction may be raduced
by mggnetic dilution of the paramagnetic salt, whereas the
syin—;attice interaction decreases With decreasing crystal
lattice temperature. The two relaxation processes axc not,

however, mutually exclusive.
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b¢4 Baturation

Baturation, as will be described here, occcurs -in the
absorption of radiation by o paramagnetic molecule when the
absorption is not linearly dependent upéﬁ the density of the
applied radiation field. In the paramsgnetic system, as the
density of the applied radiation field is incroased (slowly),
the number of spin trangitions to the excited state will in-
crease. IGventually, as the radiation field density is in-
creased, the relaxation processes are unable to effect a
speedy return of the excited spins to the ground state, and
the population difference between ths spin states will de-
crease. when this happens, there is no longexry a linear
- dependence between the absorption processes and the applied
perturbation, and the spin system is said to approach satur-
ation. Complete saturation occurs when the two population
levels of the spin system are equal, and in this case- the
paranagnetic gystem may be said to be transparent to fthe
incident radiation.

As has been previously stated, an excess of spinsg in
the exclted state cannot be obtained by the application of
a "gteady state! perturbation. If the state population has
been inverted by some wmeans, however, it can be postulated
that in the inverted state, a departure from linearity be-
tween emitted power and the applied perturbation will occeur
as the spin system returns through transparency to the

ground state.
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As shown in Section 4.2, the magnetic properties of a
paranagnetic cnysta; may be describad in terms of a complex
suseeptibility I = ')({ -l'.)’" - » Where X” and Il- relate
to the phenomena of absorption and dispersion respectively.
The magnitudes of the su_sce;:‘hibility components xl andjf”
depend upon the degree of saturation of the spin systent
Such components will be pzero for the special case of a
completely saturated (equal populations) spin ¥ system.

3¢5 Power Flow between the Paranagnetic Solid

and the Radiation Tield

The  instantaneous rate of enecrgy transfer, Ping.s for
& 8pin transition in a paramagnetic molecule is, by the

application of prgbability theoxy,

. - d (spin transitiom . :

Ping. = (hf) x'E: probability) (3:6)
and the average power flow, Pav.’ between-the-pmramagnetic-*
gystem and the radiation fiseld. (assuming absorption for sime

plicity) will be found by integrating‘the above expression

over a distyibution of times, such that,

&
Pav. = J; Pins.* Pr(t)dt {(3.7)

whexre Pr(t) repregents the probability for transitions ag
& function of e 'Wittkel4 has derived an expression for

the average power flow due to o single electron undergoing
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transitions as the result of a perturbation by o micwrowave '
gleotric field, The'gxpreésiOﬂmia'darived~by-the'methodwin~
dicated -in Bquation 3.7, but includes. the.result. of .4 .more
gpecific probablility- treatment than that given in Equation'
2¢1l2s When-the effect of spin~lattice and gpin~spin inter-

actions 1s eonsidered, we have:

Yoo

(Pov.) EREE L e Sk (5.8)
Ve mawield  2mon  (£-£ )% £ (i) ® 2 Ty () 2 .
Tan
where
p = elegtric dipole-moment -
E = amplitude of microwave electric field
. resonant frequeney for transitions

T = opin-latiice. relaxation .time

To = gpin-spin relaxation time

a8

For a 'single electron in a microwave magnetic field, Boua=
tion 3.8 wouyld hold.-if p were replaced by the magnetic
dipole mmment.)u y-and 1 were yreplaced by the amplitude
of the microwave magnetic_field, Bq»
T P W (3.9)
M (£-1,)8 4 ()2

: ; = . ATy : Qg

(P&V-)B»Fxold

neglecting the last term in the denominator of Equation-ﬁ;&:
if linear operation is. assumed. Dxamination of the denomina-

tor in Bauation 3.9 will show that it is possible to asecribe



o, "moleculart bandwidith, (Af), to the system, namely,

4

-

(Af) x . (;’5.10,)
Nig
Now the power absorbed by the spin system at resonance will
be twice that observed at the frequency half power pointse
If therefore, in Bquation 3..9, we select the (f - £,) temrm

to equal (Af)/2, the power interchange will be

2.f}*vBi. 1

Fov., @
Mo (41)°
2
i
SR M TR (3.11)
h {(Af)

The above is the wresult dexrived from cun:}sidév:mtion of the -
transitions of a single electron. For a spin 3 system con-
taining N spins, Bguation 3.11 would be multiplied by the
population difference, dN¥, between neighbourving Zeeman levels.

Since to a good approxiwation,

. h P s
d‘N - 21{ T * l\x 4 | | (0013)

the expression for the power absorption in a spin & para-

magnetic cxystal containing N . sping becomes

£ 28%
o) Lom HE TR (3.13)
P.Crystal k TAE)
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which is in agreement with .the expression quoted by Combris-.

>

gon and -Townes™ . Note that this equation has been derived in

the Gaussian gystem. of units. eme e B w Ba R e RO
~In all the above-ex@ressions, Blnhas|been-taken~bovrep~
resent the amplitude of a pulsating microwave magnetic fielde
Circularly polarized microwave magnetic fields are required:
for transitions, however,-butxany pulsating £ield may. be ox=-
pressed in terms of two-half-amplitude cdircularly polarized
Acomponents.rotatin@ in opposite directions.

3.6 Tip. Bloeh Foymulabion =« = o ¢ wore S0 e wwes

The Block equ&tionslﬁ,”Oxiginally‘app&iesto;%hennuqlear-
magnetic reﬁonance-phsnomenalﬁ,-may-be~applded to.electron spin
resonance phenomena, -if- one is interested in,a~oa&ssicaljunderf
standing of the transient and steady-state. response.of .an elec~
tron spin system under the stimulus of an applied radiation
field. These- -equations, now written to relate relaxation pro-

ceases and magnetization changes in an elc¢etron spin system are

A ¥ ' : »
& = YlyB, 2 B siaet) - %l‘-
2
A ‘ ‘%‘}I
E@i = X(mznl cosWt - Mxﬁo) - ¥
a ooy | | | | M, = M,
—i 2z Y= M8, sinWt = M B, cosldt) A2
dt . v 1

(3;14)
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where Bo ig the. . density. of the .d=¢ magnetic field.which
is.applied along an arbitrary Z=axis; M, - is.the steady:
state magnetization along the Z-axis in the absence of a
perturbing radiation field; Mz‘repreﬁenta,tnentime dependent.
component of the~magnetiza§ion“along the Z=-axis as the result
of such a.perturbation (Bﬁ‘ 289 sinwt) ¢ My -and My oave
the projections.in the  x~y- planewofmthe\pr@cessing magneti-
zation vector Mj; X'is the gyromagnetic ratio for electron
gpins and Tl and Tg 216 tﬁe relaxation terms previously
descriveds - .. e 0 S T PN
The real and. imaginary-component -of the magnetic sug-
ceptibility of a paramagnetic solid may be derived from the

golutions to the abo?e.equationsl5. namely

(g =) Ty

otz (1 A (W, -0)21'3 A XB; i )

X' 7%

PYECK S (

XH

. (@, w) Tz 7 Pl ) (3.75)

- » o
where the expregsions are in Gaussian units. The X“B?lez

term in the denominators may be called the saturation temm.
The effect of this term on the susceptibility components. is
illustrated in Fige 1, where the normalized-gusceptibilities
arec plotted against the dimensionless. product ((0y = (W) Ty

for conditions of negligible and non~negligible. saturation.

Al
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- An. exanination of the-ocharascteristics of a reflection-
cavity_paxam&gﬁetic-resonance speoctrometer, operating under
. steady state conditions. will show that the-signal: reflected
from the cavity~willw-in-generél,Abe a funetion of lf'~an&
;(Wr In practice with ordinary diode detectors there will.
be no regoonse 1o phase. mwdulatlon, and the. detector output:
will be proportional only to‘)(WBiw If phase pensitive elax
ments are-includednin‘the cavity arm of such-a-cireuit {e.ge,
for coupling adjustments),  distortion might occur in the
wings of  the abgorption characteristie if the dispexsive. ...
effects -are large -enough to affect the coupling of.-the- cavity.

It will be seen that if. the sgtur&tionhterm‘is-@qo;uded
in the power expression (liquation 4.1l,-or in Baguation -39
when applied to the case of a..spin denaity eof Nzapins/c,c).»~‘
and if the density-éf the perturbing microwave field approach-
es o0 , the power absorbed by the spin system will, in this

Limit, approach the maxinmum value,

MoBo

T:t.

PleO)

i1

= j(" 9 / unit vol. (5416)
3

where )(6 is the static magnetic susceptibility per. unit .

volume, and B, is the density of the level-splitting field.
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From Bquation 3,16- it will-be secn. that the temperature-of
the  epin system will approach - o0 as the spin lattice ire-
laxation time (T,) approaches infinity. . ... ... . .. ..

Bxperimentally, the magnitude -of tﬂe:aabuxatiom-termr
may be caleulated by noting the deviation of - the absorption
characteristic from linearity as a function--of the-incldent. '
microwave power, The ratio of the antigipated- to the experi=-
mentally observed absorpbtions will give the saturation term
directly. - These observations will hold fox. the case ofs -
homogeneously broadened lines. The molecular response,hows
ever, will be a more complicated function.of frequency fox. ~§
inhomogeneousaly - broadened liness As. indicated. by Ingmaml§, .
the change in powewr absorption, together with the change in %
Line width on saturation, allows the broadening mechanism

to be determineds
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CHAPTER 4
CIRCUIT RELATIONSHIPS TFOR A PARAMAGNETIC B0LID
IN 4 MICROWAVE HBEFLECTION CAVITY RESONATOR

Intxroduction -

A8 shown in: the  previous chapter, the absorption of -
energy by a parcmagnetic  solid-is-proportional - -to the power
density of the perturbing misrowave. magnetie fields - This
radiation density may be. conveniently dncreased--if the para-
magnetic speoimen is-located in a regsonsunt--cavity. . Reflecw
tion-type cavity resonators.- were employed. in- this thesis dn
preference to-transmission~type resonators,  to simplify thgj
problens -associated with--cavity coupling, and with heat con~-
duction into the cryostate pe e al ek TR R et ad R4

The clirveuit propertles of veflection=type cavity reson-
ators are briefly discussed in this chapter, as they. relate
Yo the absorption (or emission). of energy by a paramagnetic
solid. Conditions for amplification and oscillation are
derived, and illustrative exawples given, and a figure of
merit for the system is derived, in terms of & galn-bandwidth
products

4.1 Resonant Cavity @ Factox

The effiociency of an unloaded cavity-resonator may be

expressed in terms of a "QY factor, Qgr Buch that

Qo * (Ja% (4.1)



where .

W = enerxgy containdd By the microwave fields

' ~in tho cavity -
P = power Lloss to the cavity wallsg
Wo * 2K§o, where . £y is. the resonant frequency .. -
FurtheTnore we' rnay express the energy storage in.terms

of the oscillating magnetic (om'eleqtric);field intengity. -
For a TH 101 or a TH 102 resonator, this expression reduces
to

L)

; 5 |
7 & 2;8 < : )
E £—~ll~ . (volume of resonatox) {4.2)
8 u,
where ‘
(251) = peak aduplitude of the microwave magnetic' ~
field-density (webers/p.s.m.) over the cavity
Wy = -magnetic permeability. of . frea.space ::1977

and -where the relation is expressed in unrationalized m.k.s.

units.

. In practice the cavity must be coupled to a signal
source. As a result it is necessary to define an owverald--
G for the systen, (QT), in- texas of the Q's associated with

¥

the cavity and the coupling losses, as follows,

p O S R (4.3)
Qp Q %

where 4, is the ¢ associated with the coupling.
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42 Lffect of a Paramagnetic Solid in.the Cavity . ..

G Sv—

"As . ghown in Hquation 3.13, the power absorbed- by: a

spin ¥ paramagnetic crystal in a radiation field will be

' 2, 2
£2 4 “BN
av » x K-——;&———l—---n

xT(A £) |

E

when the spin system is.unsaturated. This equation nay be:
applied -to the case oi- a paramagnetic-solid filling a-reso-
nant cavity, if the.density .of the magnetianf&eld,ABly is
redefined as in Bquation 4.2.. -The effeet of this solid on
the power losses- within the-cavity system may be- expressed -
in terms -of a magnetic Q'f&otor.-Qm. In . .this event, the over=

all @ may be written in the form,
L o« 1 1 ;1 (4.4)

where -the magnetic .- Q- . factor, Qu, is positive in the case of
an absorption, - and negative in the case of an eaission of
powexr by the paramagnetie-solid.

The magnetic. Q -faetor may also. be..expressed in terms -
of the imaginarxy part of a complex magnetic susceptibility:r ’

where

Ke Xe-sXo (4

Eal R

and where :Kl and.:K” -relate to the dispersion and absorp-

tion of radiation, respectively. The power absorbed from an



R
\

. 92

electromagnetic. radiation field of amplitude - B, by an unit
volume of the magnetic specimen per cycle will be

where If = magnetization per unit volume = X Blu,
B = :Bl‘ sinWt

u, = 1077

dB = By cost « a{wt)

Paja ® § (I' #,iX")IB%sinmt cospt dlwt) {4.7)
u,

On integration the term in X' drops out and the expregsion

for Pcyc reduces to

! 2
2

n '
Poge = XX 'P1 . unit vol. (4.8)
Ry

For-the general case of -a paramagnetic. solid in an uniforn
electromagnetic field, the cnergy storage in the field per
unit 'volume will belv- :
v e B (49
8N u,
so that " ' ‘
Poyo = BKQX"W/cyole/unit vols (4.10)
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P : /Kf’xu

Yo

__/unit volume (4e21)

which agreeg with the expression derived by Gordon, %eigerw,

a’nd TOWHG'S4- i > ; ST WE s B SO, i o E
-An expression for the magnetic - g factor of the paTas

magnetic solid may be derived from Bouations 4+4 and 4.11,

namnely,

> W

(\lm i ..4 ,K Y“v-ir R Y S N T T s ey um e ko4 phy -,.04(~%.: ‘12)
where the complex susceptibility cumpbmn'{;-;q ? becomes nega=

*
tive when the- paramagnetic: solid is emiscive .

45 Conditions for-Regenerative-and-
Suge-rvregenemﬁive'ﬂaser Actiom - v 0

A -necessary condition for regenerative amplification

in- the maser-system is that  the powexr supplied by ~the para=
magnetic specimen in the.resonant ocavity shall exceed the

wall losses in the resonant cavity; that is,

'_ é;| S éi; (4..13)

vy

ore e it

¥ 1In .the. geneml cca.se, the couplinr of the eleotromagnetic
ene rgy to.the spin systen- should.- be taken- into congideration,-
in which cage, the expression Qn in Bguation 4,12  would .

be multiplied byva filling :Ea.ctov“ "\ y and W may be definad
ags X" = f B‘?'X" ~avy) /() B dV,). where the upper
integration axtends over the volume o:t the specimen, and the

lower integration cxtends over the volume of the cavity. For
the cage of maximum coupling (L = 1.
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It can ba~§ostu1ated-that‘Equations@&@iﬁ-anda,4mil~~hu §

will hold for emission as well as for abserption if Lhe spin
temperatures~(nagétive-ornpcaitiye)‘ara-loyain both -instances.
If this is accepted, Dguations 3.413..and 4.1l may be-eguated
fox emiaaive~behaviour,,~mf,the rQlationship is expressed in

Gauselan unlts on o per unlt volume basis, we have,

ﬁ'fa/xggfkm'vgl
x? (Af)

i % f)('twi)va (4+14)
where W' -is now the number 0f -paxrticipating sepins PET CaCe,y

and- where V., 1is the volume of the paramagnetic solid.

Whence . "
' 430 nle
4K N - NoAp"s(nrs) (4015
KTV,

where N is the total number-of participating spins..

As-an 1llustration, -let g, = 8Bk 104;:f,=»9.1,x 10° cps
Vg ®.5 cos T s 4?"‘2; 1 =% .  Then (since .2 0.92 x 10770
erg/caussy I = 1437 %2070 erg/dagree) ‘the condition: for ..

amplification expressed in Bgustion. 413 reduces to.the condie.

tion that (ﬂTg)~ijv‘4¢5-x-199. Pow a line width, of 1 gauss ,

22 o ; ; L. 2 3.6x210°7
Te.dn this illustration is.approximately e . = 20 X 10
it ' & g ¢ N (A £) :
sec. (oince 4f = R2.8dB x 10° cps«), and the condition for

E oah
m_p

¥ For simplicity, we assume that the broadening is-entirvely
due to spin=spin interaction, and not to any broadening that
might arise from inhomogeneities in the d-c magnetic field.
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amplification in the illustration reduces to

N 7»ﬂv 1.2 X 1016 spins

L BEEY

The.condition for oseillation, on the.other hand, is.that' the

total ¢ -of the system should be negative. This necessi=-
tates that

{4.26)

If -the resomant cavity is nearly matched to the source wave=-

guide, we have - ;- "

i 2 1~ 2
Q‘ QO Q:o

If this approximation is assumed to be . valid for the above

illustration, the condition for pscillétion becomes,
N 7~ R4 x 1016 gpins

4+4 Gain=Bandwidth Product

: Thﬂwgainfban&widthmexpression for o reflection cavity,y'
regenerative maser with cireulator, -has been derived by Burk-
hardt et-al-;0~~The‘yowerngain, Gy -0f the system with a..

- » » -‘ * *
circulator in .the reflection. arm iauf'fj MWhere‘fﬁl ig the
cavity reflection coefficient. It can be shown that,

£ 4 (1 - ) ¥ =
¢ =" = R_Qr % (4.17)

LV, (w -_0_3_9)"“
(QT)-+(“% w
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where G i the mid-band power gainj. .1/Qn = 1/9, £ 1/q, 2

1/ Qe .Equat;on 4.17 may be reduced to,

N~ &

(G“:é‘ -1) B o - 2. {4.18)

wo QT

where -B---is the -bandwidth between half-amplitude points on
tha response QuIves.. - - .- T T e S
- -Aa .shown- in Fige 3,-page 5Ly a-10-db dixectional. coupler
was. employed in the. reflection-path of* -the maser in-this -in-
vestigation (for reasons of-economy) and in this oase, the

system gain to this point would be,

(Gs.:[,).@..."" =2 . L.
wo 10 Qg
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CHAPTER b
INVERSION CRITERIA AWD CHOICH OF
PARAMAGNETIC CRYSTALS

Lntroduotion S R & B omE PR @ g GRS mon W S e g

The discussion has s0-far been limited 4$o the behavieoux
of the spin system following inversion. -iIn this- chapter, in-
version -techniques will-be-discussed as they apply to..the .~
problems of this investigations :The- rest of the-chapter will
be devoted to a detailed statement on the paramagnetic media
enployed.

5.1 Inversion-Techniques:-

- At this-time.there.are- three methods for excibing a -
paramagnetic. crystal- in-a two~level spin systeme. These ares

1) Pulse. invexsion .

‘2) Adiabatic fast passage -- freéuenoy sweep method

3) Adiabatic fast passage == field. sweep method.

1) -In pulse: inversion, a short, intense pulse of micro=
wave radiation islappiied-to the spin system at-the resonance
frequency while.thend~0~magnetic~field-is,held'constant-atjthe
resonance value. -With this method, since the.rates of fre-
quency~sweep‘are-large,~it~is-necessary~to-evaluate the
quantum-méchanioal~tranaitional probabilities before..the. .. .
height‘and-duratioanfvtheninverting\pulse éan be determined.

Torrayél has shown thak, if a twowstute system is exposed to
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a pulse of microwave power at the resonance frequency for a

time, t, such that

&iﬁ - (501)
h

C ool

SRR

(where M .is the.magnetic dipole moment and By - the ampli= -
ﬁudeuof-the.miomawaveufield), then -bhe state populetiong will
be inverteds It can be-seen, however, that-hoth-the-magnetic
field and the perturbing frequency-have to be held at the- -
yesonance value, whilst-din addition, -the pulse time has to-be
oritioa&iy-setsw Thus, this method would not be too easy to
apply in practices. - .. - e g T s e

2) In the frequency sweep method, the d-c magnetic-.
fie;d is held aé~the~rasenance value and the power klystron:
'frequency swept through cavity resonance undexr the following
conditionss .« .. e oo _

@) - -The-passage must -be adiabatic == that..is, the.
magnetization, ¥, vmst follow the changes in the effective
magnetic field:. For comvenience, the.motion of M.can. -
be :eferred to a co~ordindte frame: robating). at. angnlasy’

—
i:grequenqyéd » 2bout.the d-c¢ wagnetins field vector, B

o?
when the”paramaghctio sample is subject to a microwave..
field,~Bl. circularly polarized about the d=c¢ field vector.

The co-ordinate system rotates with the same frequency
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as the microwave fields The affective magnetie field will
be.

—.‘*-. ‘ '“-; ) .»-”; ‘ .."v | n“ £ 3}
Bagr = By A (By = 2WEA ) | {5.8)

where X is the electvon gyromagnetic ratios At re8o=.. *
nance, the sxpression. reduces 10  Byee o Byw o The magnetdds
zation, M, will precess about Bgpg With angular fréquen~

oy 0. wnere : "

ALz ¥ Boge

A 3

(54+3)

Whan~vi9wed-in~mhe stationary -systemy, ¥ will nutate about
the A~=axle at ﬁhe»samﬁMfwequenaywﬁLu~~Th@~e££eo&ivawmag—»
netic-field yeverses--as the:perturbing radiation passes .
through resonance, and the orientation of M with respect
to By will -be reverseds - e 8

The adiabatic condition is thusla,

(Y By)"t 2 ¢ (504)
whexe b is ‘the time taken to pasa-through~the~resonagce
half width of 'the spin system {assuming that this reso= -
nance is much.sharper than the eavity resomance) and whore
(281) is the amplitude of'the'@ulSating migrowave field -
at the .specimen in-the-resonant cavity. As will-be shown
in Section 7+4, a typical value- for (23By), with the reso-
nant cavity system employed .in this investigation, would

be 2.5 gauss. Thus, since the gyromagnotic ratio, J§ =




40

4 Py Ao N et N P [ ETR TR YR Y [ WRSAY Fpas b . LT | g b )y e ad

2K x 2.8 Ho/gauss, the adiabatic condition would reduce
oo m s

LI

Lt > 4.5 x 10"8 zecs,

- h)- The *fast! condition means that the wesonance -pas~ '
sage in time, t, should be very much.-less than.the. spine-lat-
tice relaxation time, T,. .Thus, if t =§1@Q(4.5 x.20™8) geo
;'4y5~mioreaee;~andtwl‘ismin the same ratio, -it can he.
seen--that in thiawpartiqular'instanoe,‘Timwouid~have-tQ»be
greater than about 450 microsecs--for efficient.inversion.
@) A third condition is that the inverting- power- .+
level should be sufficient to- produce an. appreciabile. sate
uration of the spin-system-under steady state eonditionse
Note -that with this. technique, . the molecular resonance.
Should.be.muchwsharper-than the. cavity resonance. .. If this. is
not so, then only -a portion of the spins in the paramagnetic. .
sample will-be-inverted. PFurthermore, after inversion, unless

gpecial precautionslg

are -taken, - there will be a high probu=
bility that the stored . spin energy will be re-radiated spon-
tangously immediately aftew -inversions Both drawbacks can
be avoided by -the use of method 3.

.. 3) iIn the field sweep method, the freguenecy. is held
conostant at the..cavity wresonance. wvalue while the magnetic.. .
field -is swept through ths resonance oen@ition.~ To an observe~
er moving with the rotating system. of.comordinates, the effect

will be the same as described in paragraph a) above.
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- With the field. sweep method, however, the tendency for
spontaneous re~radiation is avoided as the magnetic field ds
taken -off the resonance value immediately after inversion-is
effected. Furthermore; @ll the eping in the resonunce disw
tribution will be-affected. provided that the field sweep. .-
amplitude is greater than-the Mfull width of the- spectral’
line coneerned.  Note that with methods R). and-3), the pas-
sage through resonance -ecan be in-either direction.

5.2 paramagnetio CQrystals Investigabed- - < - e tv v
In the previous section-the restrictions.on.spin~lattice
relaxation time have;been~discu5®ed with respect to-the re~
guirements forx thief{nveatigation» \In~addition-it can be- de~
duced that -if the system is to aect as. a-uarrow-band amplifier
or oscillator, the . -width -of the resonance line associated. - ..
with the paramagnetic-crystal should be as narrow as possible.
Also, the paramagnetic. resonance line width should.be less. -
than the field sweep magnitude 4if this adlabatic fast passage
method -is used, Thus paramagnetic crystals with spectral
Line widths in the order of 1 gauss ox less-would be likely
to fit the field and other requlrements. With the frequency
sweep method, however, the spectral.line width would have tq
be much smalley than the resonant cavity bandwidthe A-typ;~
cal operational bandwi@thuforusuoh a-xregonant cavity is ap=
proximately l.5 Me/s == thus the spectral line width in-this

case would have to be much less than 0.5 gauss for effloient



inversion.,. With these-points-in -mind,. a statement-will.-now
be given on the paramagnetic crystals employed in this in-
vestigation. ' |
5e2 La)~-Neuﬁron—Igradiated Magnesimmmégggg- o Sk ot

-1t has been-.found that-defeats (I centres) may- be in=.
trodudged into certain crystals as a result-of neutron-irradi-
ation®0, “Inwpartieular,'WEaksglwghas studied. the electron..
8pin resonance apectrum- of such induced-F -centres in irradis .
ated Mgl. - He postulates that after-an oxide-atom is-displaced
from its nomial-position by neutrons, -an-electrony donated by
divalent~impuritieefpresentynmaymbéoome trapped- at-the. vacancy.
Such ¥ centyes which have only-Mg># and 1g”®.neighbours. give..
a single résonance-line with w@~$m2.0033;Mwhdie those: with one
or mbreﬁﬁggs'neighbour%fgiVe hyperfine~paﬁterns‘cgrregponding
to the nuclear spin value of 6/2.(six spectral lines).. .

-Furtharmora,'dheaterg'g examined erystals of. -neutron
irradiated quartz and neutron -irradiated-1g0 in.a two-level
mager systems He observed maser-amplification . and oscilla=.:
tion with the quartz specimens at 4.2%, and -maser amplifica=
tion (but not oscillatipp) with the g0 specimens at the same
temperature. '

In part of . this programme of investigations, newtrone
irradiated MgO was employed as the maser medium for such
crystals seemed to fit the initial requirements. Furthemore

the crystals could be obtained and irradiated fairly readily.




Three -Mg0 crystal specimens were irradiated as follows.
1) Dounyeay MgQ Specimen.- . K% G aRlE G M T

By the courtesy of the Industrial.Group at. the Dounreay
erks»oftthe UnitedﬁKingdomwAtomic;mnergynﬁu$hority,'Thuwso,
Sootland, -an Mg crystal waamirradiaﬁed\at'that@ms$ablish~
ment, in a-reactor commissioned to run at a full-flux of -
1014n/om§/sec,, From.irradiationmdetails-qudtedvbymweekagg,
the fallowing~i:rad;ation<sgecificationa weye drawn ups

1) Material-== g0 single crystal (silice). --

R) Weight, 1.78 gus; -diame, 1l-em; thickness, 2mm.

3) Type-of irradiation =--fast neittrons (v1 Mev)

4) Dosage ~»~5nxwlolgdneutwOpg/émzw R

_5) Temp, - during irradiation. =« preferably- below 100°C

6) Radioactivity of specimen ~= within safe handling

‘range (10”.‘3 milli ‘rc‘)'an?gen/we ek)

At-Dounreay‘the-sbécimen-wag irrvadiated with an -estimated
dose of~1ol8 ~~1019fn9utrons of -energy greater than 1.5 -
vev (date, -August 1959). -On.receipt of this specimen (which
had a count. rate -for ~radiationshofJV~o-2~millirogntgen per
week), it was observed to.be almost black. in colours .After a
month, however, it had changed to- a-(pemmanent ?) royal blue
colours From Weeks' estimate®t of 5.7 neutrons per.F centre
created, the number of spins in this crystal was adjudged to
be between 2 x 1017 and 2 x 105,
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2) Harwell HMgo-Speeimens -~ - - v s e e k«»\n»~~\tt;

~By -eourtesy of the Atomic Energy. Besearch Netablishmenb,
two Mg0 orystals were irradiated at Harwell, . In this case~the
specimens weighed 0.88 gms-and 0,91 gms, respectivelys . Bach
specimen was a slice of a -single crystal and was of diameter
le3 -oms and thiclkness 2 mm. -Phe same irradiation specifica=
tions were;submitteduaa«forfthe‘Dounra&yuapeciman@‘v ¥, 2

' ~Ax~ﬂarw§llmeaeh erystal received approximstely .4 x > - :

1048 fast neutrons at a temporature of45°C. (date: August 1950)
The radiation equnt was negligible. - Baech of--the orystals «
(originally opagque) returned with-a royal-blue (permanent)
colourations From Weeke' irradiation-estimate.of 8.7 fast -
neutrons péey F centre,.the number of centres was adjudged to :
ve 4 x 2017 pex-grystale. o - a0 oL s é

The crystals were later truncated to £it the amallexj '
dimension.of the .TH 102 resonator described -in Chapter 6 ==
the truncated dimensions were 0,9 mm, and the weight of each -
cryastal was now Q+72.gms. Thusy- by Weeks! criteria the number
of sping in the reduced specimens would be 3,3 x 1017 gpins
pexr cxystal.

5.2 (D) Neutron Irradiated Diamond Specimens

- It -was -postulated that neutron-irradiated diamond might
gatisfy the inversion criteria, and-several ﬂudh-apecimena-- ‘
were obtained for investigation. .As.far ns was. known,. irradi=

ated diamonds had not been investigated as maser corystals.
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The microwave spectrum of neutron=irradiated. diamonds

)

has been studied by Griffiths et alyg y Who show- that. thewe-v»
axe two main types Qf~abgonptian~linés+~-&)~amsingleniﬁotropic
line with a g walue of 2.0028 (for a free electron.-spin, g =
3.0023) the intensity of whicﬁ can- be greatiy meduced-%y»%eatw
ing the diamond to about 1090065 and be many lessg-intense- v
anlsotropic: Lines whose intensity is not much affected by héat
treatment, and wniqh appear to arise from centres with elec-
tronic spin 8 = 1. . B PR LY

. These investilgators have observed the-diamond coloura-

tion and line width ( AB) as a funetion of irradistion, as

followss: . - : TR S R L T Y
Irradiation time: 10 hours - 120 hours- 1850 hours
Colouxrs pale- green dark.greéen  blaek - -
AB at 2809 20 gauss 47 gauss 70 gauss
AB st 909 - 15 -mauss - - 21 gauss o« 28 22085

{wheve the integrated neutronm £iux for an 1800
nour exposure was 9 x 1018 n/em®.)

The diamonds employed in ouxr dinvestigations were kindly
suepolied by the Physics Researol Labovatory, University of - -
Reading. 8ix specimens were obtained with the speeifications
as showt in the table on the following pages. - The crystals
vwere itregular slices approximetely 0.5 mm thick and 4 mm

in dismeter.
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Vg

n,  doge at

pgle factor 6 Weiéh-

Spegimen golour {hours) ~ _{ats
D23 cleary i 0s 52
D24 clear 3 0«4l
Dab pale greesn 10 0.17
D26 pale green - B0 037
DR7 dark green 120 Dadd
Dav black 1000 0355

The diemonds were irradiated in the B.H,P.0. reactor -
and the exact details of the dosage wsre unknown.- The doses
listed above were based on a compavrison -of the absorption
spectra of the specimens with other neubron irradiasted diaw
monds (at the University of -Reading). -From Griffiths!-data.
one would estimate that specimens D27 and DRY were -exposed tb
a dogage of /N~ 6 X 1017 n/cmg and~8,5 X 1018 nfcmz. regpec-
tively.

Be2 (c) Phogphorous Doped Silicon Crystals

Two crystals (slices) of phosphorous doped silicon wexre '
kindly supplied by the Sexrvices Research and Development. Hstab~
lishment {Admiralty), Christchurch, Hants., for experimentation
guech material 'had been employed succegsfully in a two-leveld
maser system at- that Teatablishment. © Iu- each case the dopling

concentration was 2«5 x 1040 P atomsfce and the crystal




gpecifications were:
Yeight
sShape

Thickness

gpecimen A

Volume
Total Spins

vie l@h'&
Shape
Thickness
Volume

1o DD grms

half moon

B, o

0465 ec. '
led = 3.4 x 1016

0e88 grms
¢iroular
3.omm

On 66‘ co. '

Total Spins 0.7 = 1.8 x 10%°

weid

Bagguley and Owen=0 give the following data for phosphorous-

»

Goped silicons

Donor nucleus 31@
Nuelear spin 1/3°
iMagnetic moment (wnm) el
Hyparfiﬁe atrucfﬁre

constant Afgp (gauss) 43
g~value 2000

Teher® has observed in the temperature Tange 1.2 - 49K,
thot for 10L6 P abtmsfoe in 8i. the velaxation time Ty = 1-min.;
= 17 A "'5 -

for & x 10*' p atoms/ed, Ty z 107° seos. Furthemnore, if -
there are move thun 1018 donors/co the hyperfine structure ie
narvowed out by exchange and theye ig only one absorption line'
(instead of two equal lines as with a lower impurity concentra-

tiOﬂ) ®
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CHAPTER 6 4
DESCRIPTION OF THE APPARATUS

Intreoduction

This. chapter is devoted to a design discussion of the two
level, ZX-band maseyr, designed for operation at liguid helinm
tempermtures. The design sim was fox vapld passage invernsiom:
and subsegquent monitoring of the yesonance signal by either the
field sweep or the frequency sweep method. Operation was on~'
visioned with paranagnetic crystals baving spin-~lattice relax-
ation times of the oxder of milli&econésQ oY larger. - <

The gyotem could also be employed as an qlectron spin .«
resonance superheterodyne specirometer to aid the study of~the'
paramagnetic bebaviour and saturation characterisiics of  poten=-
tial maser crystals. Sinee only short term stability was. vew- .
quired of the systom, electronic Klystron stabllization was not

employeds

6.1 Hicrowave Cilrcuitry

The miorowave system design was as shown in Figure 8. -
and Figure 3. As shown, the muser was of the reflection-cavity
type.  Briefly, its operation was as follows: - the paramagnetie
grystal was contained in the cavity and subjected to a pulse.
of "inverting®. powexr from a medium~power kilystron. The power
reflected from the cavity was fed by a dirvectiomal coupler o
a crystal deteotoxy civouit, for oscilloscope prosentation.. ..

Straight or suparheterodyne detection could be employsed prior




FIGURE 2 MASER ELECTRONICS LAYOUT




to presentation, Obaervatiens on the resulbs of such powey -
pulse applications were made poasible. by the use of a monitox
klyétran waakly coupled to thaareflcetionmca?imygamm» Cow v v

The system cmployed X=band (3. om) equipment throughout,:
for veasons of econony in thc purehage  of wgveg@idaxsamponamﬁa
and in the selectlon ¢f a d-c elechromagnet, Type numbers for
commereial components axe given in Appendix A..

A design description of the cireuit now followa.

A one-port cavity resomator cilrouit was built to wmini~ -
mize the design problems assoclobed with the esavity itself.and
the cross sectlonal area of wavegulde well entering inte the
liguid helium dewar. The next step was to supply. the power
NOCGHEBSATY for~inver$ion. The -inversion edreuit was designed
around a Vayian X~13 medium powey kKlystron (%-watt:max.)-and
all of the power from bthis kKlyutron was made available to the
regsonant cavity. 2 i £ 4 st

In the dnversion oireulit, the sliding-stub tuney . adja-
cent to the X-13 klystron was used for adjustment of the .
mateching of this klystrone As stated in the ﬂgecifidatisnaw~‘
200 mewatto powey outpul was obtained. when the kKlystron opera~
ted into a natehed load, and approximately F watt output was
obtained when the klystron operated into sn optimum load as
get by the sliding~stub tuner. The 20 db ferrite isolator

ineluded in the eireuit at this point minimized frequency
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pulling of the klystron by the other cixcuit elements. A -
gecond slidinge-stub tuner in the resonant eavity arm was used
for oeupling«adjustmeﬁts to the resonant cavity. - PR e

An uncalibrated 30 db variable attenuator and a cadi-
brated 40 db attenuator provided the variable attenuation .
required for spectrometer operation. The attenuators could- '
be calibrated against each othewr, however, when it was necesg-
sary to know the total attenuation at any soetting. - + v

At the cryostat end of the waveguide, a Tlexible wavaem -
guilde and snap coupler snabled the oryostat to be disconneched
easily from the rest of the system, for removal to the-helium
liquefiexr, The flexible waveguide also served to reduces:
microphonic vibrations at the -oxryostat. A& 5B/1000 dn.-mica:
pheet window was located between the coupler and the cryostut
proper vo that the cryostat could be evacuated oxr pumped.- .

The window was fitted-between & plain and i choke waveguilde .
flange, and was made vacuwn tight by inserting a thiclk rimmed
"Gaco" ryubber ring in each of the flanges,

The incident wavefwas coupled- into- the cxyostat throughe
a cugtom built R¥ in. radius, B-plane bend, with 3 in. straight
arms. A quartzerod, tuning system was. mounted on thianbgnd -
for external adjustment of the resonant cavity frequency. ' The
waveguide in.the cxyostat -itself was of l;/lOOO ine copper--.
nickel with a resonant cavity termination. Deﬁign-depails of

the resonant cavities used are described in Section 6.2(d).

—




6«1 (b) Reflection.-Gireudt - . - .« . v er v eas antn

As a ferrite cimculator was not available, the ryeflected
signal was coupled-out- to the main amplifier by means. of @w !
10 db diregtional coupler.  Straight deteetion and superhetewno-
dyne deﬁeotion.could be applied simultaneously to the reflected
wave Qith-the Mﬁgie~wvcrystal-depeetor system 9hnowne- -« ea !
| A TR3/AB klystron (~ 25 me.watt) provided the local-os-
cillator power, and a 30 db variable attenuator pmo&édedkthﬁ
degrealof attenuation reqaixedvm~xsblatian between the loeal
oscillator and the resonant cavity was effeeted by the Magic
Ty in conjunotion with a 20 db ferrite isolator. . - - e

The Magic T was made -in the worksohop foxr cconomy,-and .«
was of the @o§t~and baxr type, with double matehing stubs-in the
i=plane and H-plane arms. Minlamum standing wave ratios of .
1:04 and 1,006 were realized for the T .and the H arus, respec-: -
tively, when.the 7 was initially adjusted on & microwave test
benche. The crystal detector mounts were also made in the work-
shop, and were providéd with double matching stubs and an ad~
Jjustable shorted end. - Standing wave vatios in the ordexr-of
1068 ware renlized when the crystals operated into a matched

cablee.

6.1(c) Monitor @ireuit. . . .

Provision was mades as shown in Fig. 3, for monitoring
the spin resonance 'slghal after inversion. or deviation from

eguilibrium. A 733/AB monitor klystron was originally




swmm o ames o
incorporated in this cireuity, bub the stability of this tywe'
wag found to be unsatisfactory for this funetion, and. an Bng-
lish Bleetric klystron K311 (approx., 28 m«wati) was lates
used successiully. ‘ : e ile e w0 .

Coupling of the monitor signal into. the main waveguide
was effected with a 30 db Bethe coupler maae'inuﬁhegworkﬁhe@.
A % ine. coupling hole was employed heve, in .conjunctiion with
a coupling -angle between waveguides of about 45% .. A 30 db -« !
variable attenunator was included in the menitor circult te pro=~
vide additional weduction of the monitor amplitude. - Finally, 7
a wooden fishiail load was made for the monitor kiysbron, and
this type of termination proved to bhe highly satisfactory.
Gs2 The Cryostat

Photograyphs of the crxyostat are zesoreduced in §igs. 4
and 5, while a sehematic drawing (not to goale) is shown in
Figs 6. Qonstructional detalls follow.

6.2 (&) @lass Dewaxrs

The liguid alr and liguid hellum dewars were made- of
Monax glass and tailed to it inside the 2 in. magnet gap.
The Lliguid aily dewar was pumped to o haxd vecuun, but the .
nelium dowar was left slightly soft (6 mm air). In. this way,
pre~eo0ling of the inner dewar eould be speeded up at no
expense 4o opevatilonal efficiency, for the air between the
walle of the inner dewatr would solidify when in thermal cons
tact with the liquid helium sand thexeby minimize the heat

exchange across this deway during operation.




FIGURE 4 MAGNET AND CRYOSTAT




FIGURE 5 MAGNET AND MICROWAVE SYSTEM
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As the overall crosu-section of the resonant cavity -
was about 42 mm, it was necessary to make both dewar vessel.
tails from % mn-selected material. The upper dewar sectdions
we?e-not restricted in thickness, however, so were made from
1 = 2 mm stocke The dowar dimensions were as follows:

le. Liguid helium deway

Length of tail 20.  em
Inner wall 3445 mm 0,0,
Quteyr wall G745 min 04D,
Overall length R - R« |

fain body - inner wall 55.5 wim O.D.

Main Body -~ outer wall 62 i 0.0,

Capacity ¥, i s - 1 Litre
The up@er-la-cm.of this dewar was single walled,ywidh @ 1O-mm ¢
terminating rim. - A brass collar with a- Gaco-wing. insert fitted
around this termination, and the asseubly butted against a.-
similar Gaco ring on the main support plate, to which-it was
clamped. by three 0 BA serews. The upper section (12 em) of -
the dewar was left unsilvered. The lower section was silvered
except fox a vertical strip (% in. wide) on either side for

obgervation purposes. -

2« Liguid adir dewar .

Tength of tail 26-  om
inner wall 43,5 mm 0.D,
Quter wall A7a5 mm Q.D,
Overall length 79 on
Hain body - inner wall 905 mn Q0.Da

fala hody - outer wall 101 mm Q.D.
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This liquid air dewar was supported by a brass ring which
fitted around a 9 mm swelling at the top of the dewaxr. Thirée
%_iﬁ. serewed brass rods exténded from this ring to. the supe. .
port plate and.were fastened there with knurled nutg. DBy this
mneans, & féne adjustment of the dewar clearance at the pole~
pieces could be effected. The dewnr was also silvered in the
manner described above.. ...

6.2 (D) - Crxyestat Construegtion - - . . . o e

L PN

The main cryostat support section consisted of an 8 X 6

%.% in. brass plate, which clamped with four wing.nuts to . a - -
Handy Angle frame, -- This point was--5 feset from - floor level, Bo
that the glass dewars. could -be £itted,.oraremoved,‘in gitu. -
into the brass plate and along its. central axisy a § ine seoc-
tion of 2} in.0.D, x4 in. brass piping was fitted. A 3% in.
O0.De x 3/16 ine flange, tapped for gix 2-BA screws, and .
stepped to accept & 2% ine. Gaco rubber ring, butted against -
this pipe sceotion and provided the supporttfor the detachable
wave gulde aésemhly. All Jjoints were soft-soldered, vacuum
tight joints.
The top plate was cut to.accept the L-plane. wave guide

bend, -and the remaining top plate space was allocated to,

a) The helium transfer tube Bupport

b) A 1/16 in. stainless steel tuning rod assembly for

external control of the resonant eavity frequency
e) A liquid air resexvoir funnel..

The helium transfer tube support (a & in. threaded CuNi tube)
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and the tuning rod fithed againét-each broad face: of«tlhe. wave
guide (with'the~tuning rod under the bend). - The tuning. rod
pasged through é rubbe&fhat»gland»aséemhlyxQn‘mheubcpfplatekvk9
which provided » Qacuam—tight\joint.while it allowed the. tuning
rod to be turned under operational conditionss - . ... we 4

The liquid air funnel (6.mu Culd tubing). terminated. inw «
glide the hﬁlium'deﬁar in'a 10 ce- veservoixr of 1O mm Cuifi tubding
This reserveir-provided a Mcold spot" on the entrant wave guide
at aipoint 10 om from the top plate. Its funetion was to de=:
ereasde the thermal. gradient along the wave guide. in. ¢his.dewar
duriﬁg operation, and- thereby reduce. the 1iqﬁid heldum losses-
due- to heat flow along the gulde. - In operation, however, this
attachment made neo appreéiamle difference -to.- the  running time.

The helium cireuit was a closed circuit, and the- return
path from the cryostat top section to the main gas bags pro-
cecded via a1 in. Savnders valve, a threaded coupler, and a
U~shaped 1 in. double bellows system in that 6rder. By means
of thé Savnders valve and threaded coupleyr the cxyostat could
be disconnected from the helium retumn line for the transfer
operation. The double bellows system mnimized the mechanical .

-l'wss-!-mg | at the oryostat whilst the system was being pumped
fox opaxatién balow the ;\-pcintﬁ~~ this was essential in view
of the limited clearances between the cryostat and electro-
magnets

The helium pressure wag monitorsed. with a mereury gauge

and a differential oil gauge (butyl pthalate, density 1.048)
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connected by a rubber tube to a 10 mm exit tube at the cryo~
stat top plate. This exit tube also served as a return path
for cold helium gas during the transfer periocd, and was
double walled forx. this reason. L Co
Two:  electrical circuits were. brought intO»the'cryostat
through a coupler (withnglass-metal-seal-feed»?hrough'lugs)
at the.top plate. One civouit was a 2 watt (6.3 volt a-c)
resistance~wire heater wound around the wave guide at its
lowest point. The other was the drive for-the field éweep
¢oil that was used. with.the TH 102 regonator.
642 (¢) Thin-Wall Wave Guide : T T

To keep the heat influx into the helium dewar to & mini-
mumy it was ﬁecessary-to use- other than the standard wave
guides The Royal Radar:Establiahment~kindly supplied some:
lengths of 11/1000-in.-CuNi_guide_that_had been drawn to. K= .
band internmal dimensions (0.9 x 0.4 in.) from cylindrical tub-
ing. A 69 om length was required for the cryostaty but the
longest single picece.of unkinked guide. was about 63 eme In-
the fixst resonant cavity system (T 111 resonator), the 6 cm
lower length of guide in the cxyostat was No. 16 standard
brass. guide. As the weight of wave guide in the dewar was
- thus about 150 gms., a 2 hour pre=-cooling period was required
to reduce the wave gulde temperature to that of liquid air.
in addition mowe helium was used in the transfer process.
Once the helium transfer had been completed, however, overa~
tion was satisfactory as far as the helium loss rate was

concerned.
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The method adopted for joining the thin~wa11~t0»thg
standard wave guide was to file a short‘aection‘of Toe 16 !
guide until. it slipped over the thine~wall guide.. The solde
ered combination was then butted. against the main guide, -and
soldered to the latter with the aid of a collar of No. 15!
guide., Iater, when the T 102 resonator-was used,  the-sec--
tion of brass was reylaced by another section of Culli guide,!
and the two lengths of Cutli in the-cryoatat were soldered to-
gethex wifh a-collaxr of filed NMoe. 16 guides -« .- o o -
- -For congtructional-simplicity, the wave guide in the- cyy=-
ogtat was left open to the liguid heliwg, as wag the cavity
resonator. AR g=ine hole, drilled in the broad face of the:
wave. guide at the top and bottom of the . eryostat,  provided an
entrance and exit path-for-the~hélium,»and additionally,-
perved -to reduce the possibility of a thermal oseillation in
the wave guide during transfer.

662 (d) Resonant Cavity Design

Two resonant cavities were designed fox thie thesis in=-
veatigatién ag -shown in Figure 7. The first was a TE 11l
cylindrical cavity that could be extern&lly'tuned by two - .
methods, while the sccond wags a TH 102 thin-wall rectangulax
resonatbr that could be externally tuncd over a smaller range
with a.single mechanisme. The resonators will now be discussed

in da tail.
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I6 1131 Cylindrical resonant cavity £ 8 3 s 3 M

A oylindrical brass resonator was designed first of all,
a8 -1t was felt that this type would be the easiest to fabri--
cate, in the range of high ¢ resonators, The resonator was

designed from the fugmu1a34p

~

(#D)2 - Al? Bn?(D/1)® (6.1)

Fréoguency in Me/d

Diameter of thé cavity in inches
Length of the cavity in ‘iiiches
Number' of half-wavslengths

where

] Sl | B

A goristant
Another constant

S A~ T =

{13

and where (D/L) is the primarily seisccted ratioc. - It was -

apparent that the T 0Ll eylindrical cavity (bighest Q) would
‘be too large, and the TH 11l mode was taken as the one least

likely to give trouble from degencracies.

For preliminary work, it was planned that the resonator
should be mechanically tunable over & range of about 300 HMc/s.
A8 a consequence, the resonator was made from brass stock in
the shape of two pillboxes threaded together (to minimize
wall losses). Design dimensions and operational characterig~

ties e the TH 111 resonator weres

Medium e silver~plated brass
Internal diameter = 2,12 om

Maximws length = 365 om

Minimum length = 5.15 em

Wall thickness = 1 mm
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Coupling ‘thread = 32 ppi -

Goupling hole = 6/16 in.,

Tuning ranges : - '
air at 300°%K
helium at 4.2°K

o

~ 9428 = 9458 Kie/s
A Gl = 9ed Ric/s

i

The coupling to the resonator was effected by a single
coupling hole in the centre of the end wall, and the size of -
the ¢coupling polg was--chosen. by experimentation.  The-selected
value of 5/16 in. left the cavity in a slightly overcoupled
state.. § T SCLRE TR N g SRS e L BNy O SRSV T

The resonator itself was soft soldered-to the cryostat
wave guide.through anfintermediate~quleooadqw end plates
With this arrangement, a loaded g of+2000:at B00°K:--and~ 7000
a$«4§29K waa«ohaerVed.w The @ was calculated by-noting-the
half-powey pointa in the reflected signal when sweeping the- - -
driving klystyon through the cavity resonance. - Fote that this
method -only gives an approximate result since the reflected
power is a function. of the loaded and unloaded Q's.

The cavity could be tuned mechanically with a 4.531 re-
duction drive made fgom brass clockwork gears. - The drive
gear fitted to a 1/16 in. stainless steel rod which ecxtended
from the cryostat top plate, via some small bushings soldered
along the entrant wave guide. No stops were provided on the
tuning mechanisms.. - \ b e — T

For fine tuning, and additional purposes, an { in. .quarts
rod was fitted on and through the E~plane bend and thence

through the cavity coupling hole.(l.5 om maximwn penetration).
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To prevent excessive.-side play. of the quartz. rod- in the. cav-
ity coupling holey it was centred with the aid of a mica v
sheet. The mica sheet was,stuok~Qith‘néil vaxhiahuinsid@ the
cavity,~ana againat the upper wall, .and- the. c¢learance hole in
the mica (3/16 in.} was made sufficiently large for -helium. .
entry. With this guartz rod,:tuning. could be adjusted-smooth=
1y over a range of about.-50-Me/s, which was-the electiical: -
tuning range -of the klystrons employeds- This quartz red sys-
tenm had no evident detrimental  effect  on the-§ of ths reso~
nant cavity, unless the penetration was exceésive.‘~ T

Paranagnetic specimens were mounted .on.-the bottom (centre)
of the cavity for with the 1% 111 mode, maximun B fields are
encountered at such positions on the-end plates.. Hpecimens
were usually mounted with nail varuish or with vaseline. -

gare had to be taken  in- the pre~cooling stages of-Operg~
tion to emsuxre that the cavity threads were sufficiently. ex-
haugted -of air. - This was illustrated in one -éxperiment at
4,29 in which the cavity was completely Jammed because of
an accunulation-.of -80lid air between the threads.

I8 102 Rectangular resonant cavity

A will be.gndicated in the next chapter, the TH. 102
rectangular thin-wall resonator was designed- to minimize. the
eddy-current effeet experienced with the TH 111.resonator in
an altemating magnetic field. The resonator was designed

from the eqguation,
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()? = W ? # (1 )P (6.2)

where ‘Ag & guide wavelength; AL, = cut-off wavelengthj »-»
Ao = free~apace wavelength;. K = dielectric constant of the
media £illing the ecavity. - & - N

The resonant cavlity was made from-a section and pieces
of the thin~walled Culi wave»guidevprev&ously»deacribed»*»A
ifixed". frequency cavity with a quaxtz-rod fine tuning was
contemplated. IJurthermore, the resenator was-to-incorporate
field Qodulation~coila-(Helmholtz'pair) on eadhvof*iﬁs brond
faces: to effect a variation in magnetic field strength ot the
paranagnetic crystale A TH 101 cavity was first. considered
for simplicity. - In this mode, the B field maxima are at the'

end plates and thus the modulation coil.axis would, of neces-
‘sity, be level with the bottom of the cavity. This was con--
sideredlundesirable-from,@ mechanical point. of wiew, and also
from space considerations. The TE 102 resonator design was
then considered and adopted. - This mode exhibits B field maxi-
ma at the eentre and end. plates. of the cavity.

The length of the cavity was caloulated with considera~
tion. given to the dielectric constant. of. the paramagnetioc. -
media that would partially £ill the eavity (principally ir- .
radiated Mg0)s The cavity was then completed by the addition
of CulNi end plates. The upper end plate was soft soldered to
the main section, while the lowsxr end plate was soldersed with

Wood's metal. Coupling and quartz rod tuning were effected




in the manner described for the.TH. 111 wyesonator.... - . . 1«

Regonant davity frequency- changes could ‘be made-prior to
low temperature experimentatlon by buildiﬁg up the lower end-:
plate internally with vrectangular plugs of German: §ilver. {1 mm
thick) and soldewing the co@bination to the vresonator with:.:
Wood's metals A single 1 mm plug would increase the resonant -
frequency by about 100 Me/s. - (Large plugs would, however, - .
destroy the symmetry of the modulation coils about the resona-
tor central planes) - -

. The modulation coils weve wound on 12 mm QulNi tubing -..
formers, soldered to the broad faces of the.cavity at- the sym-
metry plane. Bach coll. was.wound with- 100 tuins. of -oe 30
WG enamelled copper wire, and-the coils wewe connected-in- ..
series. These coils were designed 4o exgeuteo & magnetic field
sweep of 10 gauss, with a -eurrent sweep of 1 awp, at the cen~
trally located paramagnetle-specimen. .

Loecation of the paramagnetic spocimens at the centre of
the cavity was gquite a problems After many trials with dif=-
ferent supporting media (whioch gave an exvessive vesonance
shift), the foam cellular material MJabolite! was employed as
a supporting ocushion,. and the paremagnetlc crystals weve em-
~ bedded in this material which completely filled the-bottom -
half of the cavity. While the “"Jabolite' had negligible ef-
fect on the resonant frequency of the cavity, it did suffer
the drawback that it would shrink under normal soldex heat -~

hence tle use of the Wood's metal in this applieation.
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The TE 102 cavity, again -slightly overcoupled, éxhib-
ited a -loaded ¢ of ~ 2000 at 300°%K and ~ 7000 at 4.2°K. |

Other pertinent . design figures weres:

Material = ouni (silvered)
Length x 43 mm . .
intérnal dimensions 2 044 X 049 ine
Thickness 11/1000 in.

A

A1

Coupling hole'
Froguency in alr at wo‘?;{
Freguency. in helium at

4.29K with Jabolite, plus = ~ 9,1 Xie/n
MeQ cxystal

S/i‘ﬁ ':i.n. '
~ D¢3 kel s

~u

6«3 The Hagunel System

The Zesman level-aplitting eleetromagné% was a Newport:
Instrument Type A, air~cooled magnet, mounted. on a rail- care-
riage for easy aecess to the cryostat. -The magnet was sup-
plied with standard (flat) pole pieces of mild.ateel.'leo\mm
in diameters. Rach coil was wWound with 2000 turnd.of rectan~
- gular copper wire (.00 x 0s15 in.). The magnetic field -was
approximately 800 gausstanp for a pole-plede spacing of 5O mma

The field inhomageneiﬁy~waﬁ,estimated-hy.comparing the.
observed line width of a gpeck of DPPY with the observed line
width of a large sawple of known paransgnetic material ==---in
this case, irradiated ﬂgoaat_g.BQK with a measuxed line.width
of A4 gauss. By this method, . the field -inkomogeneity.at the
centre of the magnetic field .was estimated to be. ~~ 3 gauss/cme.
As a consequence, the pole pileces were machined to display.

Rose "ohins" ayound thelr perimetors. The "ghim' dimensions
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selected from Rosels criteriag?;were: :
shim width = % 2485 ¥ 0.01 mm . o3 R L
shim thickness..zn 3475 T 0,01 mm...

With this modification completed,-the.field dnhomogeneity .«

reduction could be calculated by ecomparing the line widths of

the Mgo specimen for the shimmed and unshimmed conditionss.

In this mapner, the field inhomogeneity at.the centre-of the

magnetic field was eptimated-to be less than 1 gausyg/om after

shimning. - Figures 8 and 9 illustrate: the line shape for the

g0 specimen,-before and after shimuming.-

. Foxr smoothness, the power supply foa-the magnet was-a
bank of six 12 volt Admiralty surplus batteries, each with a
40 AH rating.  With this- batiery bank, a field. current of .
over 4 amps could be-maintained over the operational -period
whichuvaried from 4.to 8 hours. - A mercury.vapour rectifiexr
d-c power unit was adapted to sexve as a battexy charger,.
and the system operated in trouble-iree fashion over a period
of two years. !

Current flow to the magnet was regulated by a combination
of power rheostatse.- Great-aceuraqy in the measurement of.  .°
field ourrents was not a major requirement in this investigd=
tion, and a high quality ammeter was thus suffiecilent for this
purpose. The ammeter could be read to t 0.01 amps which cor=
responded to-f 8 gausse. |

- For 50 ¢ps modulation of the magnetic field, o modula=

tion coil of 2256 turns was wound on brass formers on each of
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FIGURE 8

MgO RESONANCE LINE WITH TWO SATELLITES

FIGURE 9

Mg0 RESONANCE LINE WITH TWO SATELLITES
(shimmed pole pieces)




. %

sk m o spasie s N @ x99 %
the pole pieces. - The normal- sweep current-applied. to.the
coils (connected in series) for svectroscopic  observation. .-

was S amp.rms. This effected a field sweep of about 60 gauss.

Ged Elee\tkrgnj‘gs w“ % o 4 . e oW e pwea g

Detailg-of-ﬁhe-eleotronicvcontrolvaysﬁemsgawe»now;given.
For-.constructional and maintainance ease, each electronie-
block unit (except the IF amplifier) was comstructed.in com~
puter fashion on-vertically mounted. paneils of- aluminium;- the'
valve-base side of the equipument was left open and facing-to-
ward the obsexvers. Sitandard valves were used in thege block
units wherever possible. -

Geds{n) - Klyatron Power Suppliesg - -+ wr o e e

The comuon power supply -for. the rgsonators of the monitor
and -local -oscillator klystrons was & =300- voli, 76 -mA- supply,
as shown in Figuge 10@. The supply was coennected to the kly=
strons as indiecated in Figure 1l The»yowar-supply-wqa de=
signed to regulate the output noise voltage to within 3 mV
TS, ‘ ‘

he power supply for the  resonator of the iﬁlﬁ (medium)
power klystron was a =500 volt 100 mA supply designed for the
same noise voltage . regulation. . This supply was .more trouble-
some to develop because of the -higher voltage ratings demand-
ed by the components. The ddagram for this.power supply is
given in Figure 12. A8 shown,-a facility was included for

fine tuning of the output voltage about the 500 volt level.
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a) Klystron supply = =300 v
b) I.F. supply = # 200 v
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FIGURE 11
CIRCUIT CONNECTIONS FOR KLYSTRONS
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X=13 KLYSTRON POWER SUPPLY

FIGURE 12
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The group of LL84 series regulator valves.could possibly be
replaced-byuajgingle 1281 power pentode-for.more.efficient
construction. -~ the circuit.was otherwise satisfactory. ..

The reflector potentials of all- the klystrons were ob- - -
tained’fxomlataqdard 120 wolt radio batteries. - By this means,
undesirable freéuency~modulaticn of the- klystrons was minim-:
mized. The dxain on.the batterics.was negligible;-indeed ‘the
set of batteries lasted for about a year before becoming weake.
The klystron refleector potentials were:

Klystron Reflector voltage

Kull iR b 250
254/ | 150
%-13 (3% mode) 400

Frequency modulation of- the wonitor and-of. the power -
kiystron could-be-achieved through-the application of & sweep
voltage, Rfc coupled‘to»the-maflee&ora.~ ﬁhan a constant
klyatron‘frequency was required, the coupling-condenser was
oonnect&& o ground directly, - to provide. R=C integration at
the reflector electrode, and.consequent frequency stabiliza~-
tion (as in. the local escillator klystron).

As -an added rostraint against undesirable frequency
modulation, all the klystron heaters were driven fxom. 6-volt
wet batteries. A battexy. charvger was built into the appara-
tus to -maintain this facllity. |

No pretective deviees wewre required in the 723A/B kly-

stron circults. (The main safeguard of longevity, however,
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is to ensure that the.reflector voltage  is.applied -to the. ..
klystron aﬂter-the;heater‘voltage.apﬁlicationmandhbefqrq the
resonator voltage application.) In the. K311 -civoudt,-a GALS
protective diode was connected between reflector and -cathode
to -ensure that the reflector would not become positive with
respeet to- -the eathode at any instant. A similg@‘éAﬁs»@ro~_
tective diode eircult was associated. with.the X~13 klystron.
In addition, however, a relay-failwgafe clreudt- was- connected
in serles with the output from the -500 volt resonator power
supply to ensure that this voltage would be removed 1f the
refloctor voltage falled.

-The monitor and refilector klystrons, when frequency. -
modulated, were swept with positive pulses ox wavefoxms at.'
the reflector electrodes.. A8 & conseguence, for such opera=
tion the quiescent reflector voltage was reguired to be-at
the most negative volltage experienced over the operating
node. o
6e4 (b) Ie¥. Amplifier.

The I.F. amplifier was a war-surplus, single-ended, "Pye
strip" with a centre frequency of 4ABMe/ls and 10% bandwidth.
ﬂheioriginal cireuit incoxporated five.VRI! . pentodes in the
pre=detector stage, followed by a detector and VR ocathode -
follower operating into a 100 ohm cables . The powexr consumed
was approximately 100 mA at 250 volts, with a 6 volt heater
drain of 1.8 amp.
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-A8. 1t stood, the amplifier gonexated- too much high firae~
quency-and 50 oycle- noiges- The 50 cyele noise was virtually.:
eliminated by running  the heatarsmfrom-awai%$VG1¢ab&ﬁte¢ywaand
the high fregquency noilse was rveduced by by-passing the first
LeFey wide~band stages With this done, the maximum. gain of: ..
the strip was about 1800, and the high frequency noise output
was reduced to 20 uV mms. -The gain could be. controlled by -
grid bias adjustment, but as the valves had a sharp.cut-off,
it was usually undesirable, from a ptability point of view,
to work too close to.-this pointe . . .

Provision was-made for connecting a variable condensex
bank (1»/!F max)- across. the output, to -reduce. the. background
noise still furthers. The amount..of. integration that could' be
applied was, of couraa,~eran@ent«onwﬁhe‘whape~o£ theawavé~
form under investigation. The output- signal was displayed -
on a Solartron osecilloscope Type. H1lI=2, with a moximum sensi-
tivity of 1 mV/em. Furthermore a milliamnetey was connected
into the second detector cixveuit as.a signal level monitor,

-The power supply for the L.Fs amplifier "Pye strip"
was ags shown: in Figure»lOb. The supply was-designed to fure
nish 100md at 200-220 volis,. with a necise level of.less than
3 mv Tile- The- heater curvent for this amplifier was supplied

by o 6=volt battery.
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6.4 {e) pulse Circuit Power

The power supply for the pulse circults vwas aa $nown
in Tigure 13,  The design rating of this auﬁpi&.wassﬁﬁ mi
at A300 volts and -6 mA at -150 volts.. The nolee ripple on. .
the 300 volt output line was less than 3 g{- rmg on - no.loadj
% volt spikes wewe obtained, bowever, when the supply -was
loaded to the limite. Gtabilization-of the. <150 volt-output
was losg eriticaly and restricted to veliage yeference tube
(VRLB0) stabilization. The ripple level at this output was
approximately 1 volt.- 5

6+4 {d) Pulse Qiwouit-Design - - - « . v v e

The awéep and pulse eirveuit design is shown in Figuresl4
15. The systen hloek dlagram and timing sequence are shown
in Figures 16 and 17, respectively.

The pulse system was ordginally designed to effect adinw
batic fast passage transitions by the frequency sweep metliod,
Inversions wexe not obtained with this method,; however, and
the cirouit wes modified o -effect inversions by adiabatic
fast passage of the magnetic  field. The freguency sweep
method was used effectively to measure the spin lattice re=-
laxation time, M.

o) achieve fioldw~sweep inversion, 1t was necessary to
pulse the X=13 klystron to the resonant cavity frequency, -
whille sweeping the magnetic field through the resonance con=
ditione  In addition, while setti&g up “the asystem for opera=

tion, it was convenient to sweep the reflector of this
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MASER PULSE CIRCUITRY == PART 1

FIGURE 14
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MASER PULSE CIRCUITRY == PART 2

FIGURE 15
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klystron with a trapezoidal voltage-waveform.. The elvouit
based dn valves V1, V2, V3, and:v4~qqn$t¢tu¢ed the X=13 -~ .
Xlystron veflector sweep cireuit, and alternatively provided
the driving waveform for.ﬁhg~£ieldfsweap,ci¢euitwl<Theacimn
enit based on valves V12, Vi5, Vild=Ay.and V17, provided. the
waveforms and timing sequences necessaxy-fop pulsing this
kiyetron during the adisbatic fast passage period. .

Thé V1 circuit was a free~running multivibrator cireuit,
with the grids retured to. the supply volitage for efficdent
triggering action,: & awitched condenser bank provided repe-
tition rates of 1.5 cps, 2 cps, and 25 cpsy and a visual .
indicatian-ofwthe repetition rate was provided -by a 656 volt .
neon bulb conmected across one. of the anode loads. - The output
from point A was- connected to- the input -B-of-a-one~shot multi-
vibrator time.delay civeuit.(50- = 700 usec) based. on V12 and
V1i7=Ae - The waveform.at- B -was algoe napplied-simulténQOusly
to -another multivibrator time delay cirouit, based on valves
V13 and V17«8, The positive-going output aigp&l-fromelﬁ was
fed to a cathode follower-clippeiioireuit V14~ from which
was obtained. an essentially rectangular 100 volt pulse of
variable duration (40 Msec =~ leﬁﬁmsao)~achievad~by variation:
of the time constants in the V15 elreuit. - This 100 volt posi~
tive pulse was applied. when necessary to the refleector of the
X=13 Klystron, Whidh Waa-nqrmally bilaged to the high frequency
end of the operating mode (3% mode width % 150 volt). Thus
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this klystron gould be pulsed to the resonant cavity or other
frequency for controllable periods, R-C coupling to: the
klystron reflector would,of. course, produce some “sagh in. the
wavefoxm at the- reflector, and thus the coupling condénser-.
was made as large. as possible (R MI) to minimize this effect.

It was also necessary-to-produce a magnetic field sweep
through the cavity resonance fivequency, while the- power kly-
gtron was pulsed to the resonance frequency. -This sweep was
initiated.by_theqtriggexed*VIQ vime delay cireuit, whiech de«
layed the-sequgnceAunti;'tne pulsed pawer»k;yatranhreachad:
the resonant cuvity frequency. - The output-from V12.was ap-
plied to the 'sweep-generating and.shaping eircuit based on
valves V2, V3, V4, and Vil-As -This was essentially & -pulse='
timing -circuit followed~hyma‘hootatrapr trapezoidal, voltage=

sweep circuit. Trapezoidal sweep parameters weras .

Amplitude Leading edge ¥lat top Trailing edge

(volte) (s se0) (4 s80) {4sec)
180 30 100 250
180 ‘ 75 100 250
170 100 0 =00

150 200 - 0 200

A “facility was also included for frequency. sweeping +°
the monitor klystron with a fast repetitive triangulall volt=
age sweep (amplitude, ﬁ 90 volts; sweep time, 100-= 400 Msec;
sweep interval, 400 =~ 600 sMsec)s - This sweep circuit was
gated on at the end of- the poweruklyétﬁon~sweep interval, and

gated off after half an operating period by the main control
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multivibrator (V1)e The gate cirouit was-a- bi-stable £lip=-:
flop cirouit (V5, V10=B,-V16).. Sweep timing was derived.from
a gated free~running multivibrator cizouit.(Vv?, V1i0-B), and
the bootstrap voltage sweep output was obtained from V8 and
Ve me bl T £ et el b meomws me ke mas et

- -Under certain conditions, it was desirable. that. the in=
verting klystron sweep voltage should.ggg-ratumn-thrcugh-thg
resonance condition while the spin mesonance\rélaxation»pro~
cespes were belng wonitored.- - To effect this delay, it was. -
necessary to introduce the olamping diode, V1l=A. - With this
diode switched inteo the-circuit, the grid of- V4~A would be
pulled down to below cut=off. whenever the monitor klystron..
sweep gate was-opened...In ¢hismway; the-output voltage-£rom
V4-B would be clanped at ~ 180 volts duxing the monitoring
periods |

The power amplifiex cdrouitsy designed--for magnetic field
modulation, was as shown in Figure 18+ This.amplifier was. .
powered by a 150 volt battery combination (75 volts of which
acted as the magnet supply) as the maximum total currenﬁ'in'
the 5no&e~aircuit of this -amplificr was 1200 mA. -The-inter~
nal modulafionmcoila.(preyiously éeacribedj.were coupled to
the amplifier~fhrough'a 331 step-down transformer. Ag the
d=c currents.involyed~were fairly 1argevby.xadio.oomponent
standards, it was-postulated that the transformer would
operate more efficlently if choke coupled to- the driver

valves, as showne. The amplifier, normally blased near cut~




89

FIEID SWEEP POWER AMPLIFIER

FIGURE 18

o “ HW
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off, wasﬂdrivan.by the positive~going sweep wvoltage from
the power-klystron sweep circuit, V4-RB. - With this system, ..
current sweeps of over 1 amp could be et up iﬁ the intermal

modulating coils.- - - . i It Co e w e

| An additional circuit waa-deaignedn(Vlﬁy-Vlﬁ;vvgom:v21)
for combining -inversion and monitor voltageaaweep’iavefonqs¢
The former waveform could be applied to.-the grid (8).of V16,
while tho latter waveform could be applied-to the grid (®)

of V18s V1D -gserved to amplify the inputwmqnitorawavefonm,
while. preserving its phase; the vesultant. waveforms were . » - -
then added in V16, Diodes V20 and V21, in the grid cireuits,
served as d-c clampse - - - '

The resultant waveform. could be-used to drive the powar
amplifier and modulation eoils for imversion and reiaxation-
obgervations., - As it tuwrned out in the thesis investigations
however, a field sweep waveform with.a low duty cyclo was -
required if the eddy ourwvent losses in the TE.-102 resonator
were to be kept to a minimum. - As a consequence, this par-

ticular circuit was not applied.

6.5 High=-Fraguency glterﬁator ‘

In the initial inversion ez@erimenta,-highwfrequencyj
magnetic field modulation was obtained from a motor-alter=
nator system oonnectg@ to. the sxternal moedulation qoils.-
as shown in Figure 19. The motor alternator was-s Service
Instrument, Type MG~8, with a maximum output of 80 volts
at 6,85 amp, 2000 CPSe '

I
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ALT.
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A FIELD ™OD.
s CoiLS
POWER KLYS.
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"DEKATRON|  [TIME DELAY ONE SHOT
COUNTER 9 MULT]. MULTI.
aoo/a
FIGURE 19 ALTERNATOR FIEID SWEEP CIRCUIT
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To match the alternator to the modulation coils, & -
le5 MT condenser was connected in se;ies~wi£h-th@h1at$ewgv~
In this way a modulation current of . 2.5 amp-ms was obtained.
(Due to ceil heating, it was necessary to limit the current
to this values) As will be-described in the mext chaptery- -
this systen was vexy inefficient and-caused the magnet-coils
to heat considerably. In addition, the eddy current losses
in the cryostal were considerable. (A mechanical resonance
of the modulation coils in the 1500 - 2000 ops range also
caused  some discomfort.): This system ddd, howaver, provide
the necessary. information on -inversion- techniques. which. - -
Led -to- the Tinal resonant cavity design == it thus deserves

mentions
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CHAPTER 7
OPERATION AND RUSULTS

Introduction

Transient and steady state spin resonance observations
were made.on the paramagnetic medla descyibed in. Chapter-H.
The relaxation phenomena -could ‘be appraised by both methods'
of observation as .could the. inversion. criteria. - It wase: pos~
gible to obsexve inversion and amplification with a single’
Mgo crystal at.4+2%. - With an increase :in material, spon-
taneous oscillations wera~oﬁeerv§d-at-l,ﬁ%&.g:lﬁradiatadi
diamond exhibited a shorter spin«lattice relaxation.timey -
and this resonance line could be saturated but not inverted
at Le3%e - - o

Fhosphorous=doped silicon was examined-only-in passing:
ag detailed regsonance and inversion examination hazd been-re-
cently made -on. such crystals by other workevs (Sec. 5.2(c)),
our interest was, however, focussed on the use of a quartz
rod 1igpt plpe forweent;vlling.éhﬁ spinelattice relaxation
rates in.semiconductorse . :

in addition, the phases in the development of the final
system.are discussed, and details are given of the operation=
al procedures applicable to gach phase.

7.1 Cryostat Performance

In the initial stages, some trouble was experienced in

the helium transfer operation as the helium dewar vacuum was

e
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too hard and caused insufficient prescooling. - With this-
dewar softened. to-5 mm alr.pressure, the. transfer process
was quite economicals In an-average -transfer with a TH 102
resonator, 150 litres {NTP)'of helium were expended in level
attainment, and an additional 250 litres were expended. over
the rest of the transfe..

These economical- transfers were made with the.aid of
& Cuii guide tube (length, 16 emj diametey.d:cm) fitted to
the waveguide in. the ecxyostat along the. transfexr . -tube. axis.
The function of the tube {thé top of which.was 15 om below
the cryostat top plate)qwas~to guide the liquid helivm-to
the bottom of the dewars Without this dgvice, about 250
additional litres of helium were exgen&ég in the. transfer
process,

The cryostat was cariied sbout 76 feet to the helium
Ligquefier for the transfer oporation. -After transfers it -
wag usually necessary to adjust the. frame of the liguid air
dewar. to centre the dewar system botween the pole pleces. of
the magnet. - With this system, twenty-four helium tempera-
ture experiments were .carried out. )

The operational time for experiments at 4+2°%K (with no
eddy current,ﬁeating) was - a maximum of 12 hours. With high
frequency heating of the .oxryostat, the running time at this
temperature was a minimuam of 3 hours. For experiments below

the ,A point, the operating period was in the ovder of B

hours.




7.2 Speectrometer Semsitiwity - . .. . o oL

To determine the sensitivity of the spectrometer; reso~
nance measurements were garried out on a- cyystalline. sample
of the free radical marker DFFH.(Diphenylpierylhydrazyl): <. -
which has a liné width.of .2.7.gauss. . The ﬁ%plé». containing
about 1+0 x i6*8 -spinsy was mounted in-a pexspex holder and
placed at. the point of maximua magnetic field dwntensity. in
the resonators With 50 cps magnetic field wodulationy the
amplitude of the spin resonance signal was 300 mV -gt-‘-.SODPK
when the incident miorowave power was 15 MW,-as evaluated
with the 40.-db calibrated-attenuator, - The noise level. was
50 wV peak-tos=peaks Isateétian was by visual display- on the -
Solartron osecilloscope, and in' this-case the modulation-sweep
was shifted in phase by-90° (R«¢ network) and applied to the
X=plates for synchronous observations

For the experiments, it was desirable to ascertain. the
number of sping that could be detected at helium tempera-
tures with a monitor power of about-15 umWs {In this con=
nection, Eehe:ﬂas has shown that spectrometer sensitivity is
proportional .to the square root of incident power over the:
range ZI.O""EL to 10"'-7 wattse). Thus for this system the sensi~
tivity for DPHH was found to bes

1465 = 107 spins at 300%K 3 15uW power level

which would be '

~ 1ad X 1015 spine at 4.2°% : 15 MW power level
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For'd parsmagretic sample other than DPFH, therefore, the
spectrometer sensitivity would.bes - .- . .. £ e

~ 4:9 % 10™ A B spine at 4+2°% 3.15 MV.power levael

where AB is the line width {in gauss)- of the specimen under
observation, and wheve it--is assumed thats:  -a) the paramag-'
netic sample is located.at the point.of maximum field inten~
sity in the--resonator, -and-b)  saturation ofthe sample does

not ocour at- the incident- power level employdde.

This sensitivipy-iﬁ-not-high-by~apectrometer_stgndards.
but, as shown by the illustrative examples in Secs 4¢3, it
is ‘in -the -right oxder for observation with the power levels
involved in this investigation.- .

Tvd Alignment- Procedure for Steady-State Resonance

Abgorption Experiments.. .

Tor steady-state resonance-absorption and saturation--
measurements, -it was Usually only-necessary to operate with
the powpm.klystron:andulaeal osedllator klystron in supexw..
heterodyne  fashion. - In some instances, however, the monitor
klystron was employed in preference to thekpgwer klyatron.

. For both such requirements, the setting=-up procedure
would be as followss... ..

High Power Operation

...... ‘o

1) Sweep the power Klystron with the saw-tooth voltage
sweepj obsarve by detection on 0RO that the cavity
dip is in the middle of the klystron modee
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are observed on the CRO--in the abova»made»

3) switeh on the IF amplifier and adjuat the klyatron N
raflaotor potentiala untxl the IW response gurve is

obtained; with the response curve unsaturated,. centre
the -resonant -cavity dip. S

4) switch off the power klyatrcn aweep; adjuat the ro-
flector voltage of this klystron until the I¥° seoand
detector meter~1nd1¢&tas an output; adjust resonant
cavity until this meter showa a dmp; oennect integxa—
tmng ‘oondenser across the reflector of the power

klystrona The system is now set up for speetrometer
operations

Lcw Power Ogeration, A T R e ¥

1) ngtéh on tha monitur klystron repet1t1Ve sweep volte=
age;s . adjust monitor klystron,until the 1 remponse
curves are obtained as-in. stepa 2.and.3- abovei fT“'l

......

an output; adjust the resenant cavity until thia meter

indioatea a dip; canneet 1./*? integrating conden-er
to the reflector of this klystrons The system is now

. lined up for low powaer spectrometer operation;
When primary adjustments were made-to-the system, prior to
each~lowwtempexature~axperﬁmenh, it-was.necessary to considex
the 2% shift in the resomant frxequency.of. the cavity which
would be experienced when the latter was filled with liquid

heliume
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7+4 Diamond Specimens ~+ Steady-state Resonance
Fhenomena | | P BULAAR R e s et e n.

The diamend specimens were available for investigation'

some -time before the arrival of -the Ng0.erystals,-and.conse-
quently a number of steady state-and-transient observations
were made to adjudge -the maser potentialities of the-diamond
erystals «~--and furtheér,-the performance.of.the equipment, .-

The resonance and -saturation-characteristics of-speciunens. 29

and .27 were observed. and measured.at Afzﬂﬁ.ané,liﬁgx?un@er
steady-state conditionsy with 50 ops.field modulation and
visual (oscilloscope) -displays -The-amplitude.of. the. spin.
resonance slgnal.obtained with -the. othor specimens- was too.
small -4o be of value dn- the investigations... With. the speci-
mens- concerned; - the amplitude of the electron spin - resonance
signal at resonance-was measured on the osoilloscope-for each
applied level of microwave powers In this way, the absorp-.
tion at.regonance could be- plotted-as a funetion-of incident
power, and thus the saturation factor in Hyuation 3.15 could
be evaluateds Once this was done and T, detemined from the
line width, the spin*lattice-relaxaﬁien=timay Ty #could be: -
evaluated, The usefulness of. the wpecimen aaQaAmaserpcnygyal
would be determ;ned~bin part by. the result.obtained for.Tye
The steady-state measurements could not be made sasily .-
and at best, aaAhad-beenQrealizedg§oou1¢'anmy;léad-to=approx;-
mate results (though certainly within an order of magnitude).

To begin with, a series of saturation measuréments could not
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be taken.guickly and-as a result- considerable trouble was '
experienced with electrical drifts-and with mechanical- vibra-
tions. In addition, it -was found. that the experimental range
for observations was limited by saturation effects in the IF-
amplifier. This saturation could-be avoided if the amplifier
were operated at reduced gain {Section 6+4(b)). Unfortunate-
lyy the valves-possessed rather sharp cut-off characterism.. .
tics and very cgonsiderable gain f&uctuatiopmuwerauaxperianpgd
with-the biased amplifiers thus-making it necessary to oper-
ate the system at full gain. - Again, the saturation could -
have been avoided if a variable attenuator-had been pluaced dn
-the'cryatal deteatorwanm-of‘ﬁhe~miorawavewcirauit»~‘It*wuuid
have been necessary to use. a goodsoalibrated attenuator in
this position, and unfortunately one was not available for
this PUTpoOsBe.

- Boma dnteresting information on the effects of neutron
irradiation wag.obtaineds It was . observed that the amplie
tude of the electron spin. vesonande signal in-Specimen 27
was aboub one=tenth of that exhibited in Specimen 29 when
the two experiments were carried out under the same condi-
tiong of temperatura,.powar.lgvel-andhfnequency-(QQBSAqu/s).
From the irradiation- specifications -in Chapter 5, it would
thnslappear thaf.eolour centre creatlion. in these specimens
is directly proportional . to neutron dosage. -

_The saturation characteristics for-apaoimeﬁs‘ev-and 29

at 4.39K are plotted in Filgure 20. Trom these characteristics
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the -saturation factor of EHquation 3.15 cun-be obtained, and

thus Ty, -once Ty and.-By -are known. -At resonince, it -may-be

assumed that this saturation factory (1 £ X'?B%mlwa) ”;L.;.‘v-,yi-ll

equal ¥ when -the- measured -amplitude of the ;épinh.«:::e gonance

slgnal is one=half of. that. which would-be. obtained -if the

system remained linears . Thus the problem.was to.-evaluate Ty

and B, -where the amplitude of- the mierowave magnetic field

in the resonant. cavity-is given by -.-I&w,.«:{g:glysigaw- Barne v
A8 ghown in gection 3.5; the spin-~spin relexation.time,

Tgs may be determined from the line width- of the electron:

gpin resonance signal. -In these experiments,.the-width of #

the diamond line was estimated by visual (oscilloscope). com=

parison with a knoyn-marker when 50 ops field modulation. was

employeds It was desirable b0 uagai)x?-.?}:;asﬁthe;',p:ar‘kgr; for its

line width is :k:douniacoumtgly. (2.7 gauss); hqwevgm ‘ 85.‘1{103

the g-values. of. diamond (g-= 2.0028) and DPFY-(g i 2.0036)

are closey the resonance - lineas of - the. two specimens might»~

overlap undesirably if both-were contained in the. resonant

cavity. As a result, the dlawond spin resonance-line wag

firet compared with that of biue plasticene (resonance duc

to sulphux impumhigs,)w which has. a.gevalue. of 24033 and in

a second experiment, the blue plasticene line was compared.

with that of DPFHe - From o comparison..of. the .spectra,-using

oo c}?g.\:fgield ‘modulation, the line wldth of. the plasticene

was~7y5 gousg. This Pigure is somewhat smaller than the
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10 gauss value guoted by Roaaf;nncsﬁar~uﬁpwevems it 48 pog=
gible that the spin-spin intevaction varies with different
plasticenes,

.ﬁxqm the second experiment carried out with.diawond - .-
'qnd»blue plagticene, the line width of specimen 29.was esti-
mated.to be ~ 7.5 gauss, Both expériemtns were condueted
at-liquid helium temperatures {4+2% in each-~case) s Then
a:com@arisan ef-ihe~regonanqe spectra of specimens 27 and
29 indicated that the line widths of the two cxystals were
of the same ordeTe - - - oo o ecneie e o

These experiments were .carried out--before the»magnet»:
@?ls;pieoes werew"ahdmmed"@ and so'same»inhomos@ngousebroad~
ening wouldgbe evidenced in the responance spectras . Thus,  a
mofe-real@stic value for the true line width of - the diamond
specimens, taking their size into..considerationy would be 7
gauss .ox less.at. 4:2°%,. (The minimum value quoted by
Griffiths is 15- gauss at 90%.)

The resonance. speotra for cpecimen 29 and blus plasti-
cene together are shown- in Figure 2l.. In this figure, the
magnetic field is increasing from left to right, and the
stronger signal is. that. of. the. diamond;..B0. eps. magnetic field.
modulation was employed,mand“ﬁhg modulating voltage was phase
shifted by 90° and synchronously applied to the X~plates. of
the osoilloscope. It -should be mentioned that the spectral
lines in this figu;e have been broadened somewhat by the
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FIG. 21 DTIAMOND FIG. 22
AND BLUE PLASTICENE

MgO0 RELAXATION WITH
RESONANCE (4.2°K)

LOW INVERTING POWER

!
diamond

600 M sec 600 Msec
— |

FIG. 23 FIG. 24
MgO0 RELAXATION WITH MgO RELAXATION WITH
MED. INVERTING POWER 4W INVERTING POWER

FOI' }‘igs. 22’ 23’ 24, T - 4.20K’
= e =T
fmod = 1800 ¢eps, N x 6 x 10
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action of a 0.3 u ¥ capacitor connected across the IF ampli~
fier outputs

-

Thus. T, - could be determined,.but- to evaluate- I3 by
steady~state mathpda}~it was -still necessary - to- cakoulate
the -amplitude (231)~0£ the microwave magnetic field-at the
specimens To -caleulate this field magnitude, it was first
necessaxy to find an expression for the energy-stored im ...
the resonant cavity, vhioh in thece experiments-was the TE-111

eylindrical wesonator,  This expression, from. standard elec-

tromagnetic thearygq, ig,
L) S |
oo Kﬂm‘?‘ & (701)

v e Boow % A e v R oW, % Lk

in nks . yationalized units, hhem@~33-~-is~£he peak~ﬂmp11tyde
of the éleatriq field in the oavity,.and where the integra=
tion extends over the volume of the cavity. |

For o TH resonatoxr opgrating far from cutwaflf, the ex-
pression may be irewritten. in terms of the amplitude of the

microwave magnetic field, namely,

: Vo - 2 ..
- B o :
W f {85,)" « vy (7.2)
% guﬂ;;

where (2 m}"ig the pegk:amplitudhib? the magnetic field

-l‘
over the cavity and wu, = 47 x 10™7,
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The diamond steady.state experiments were carried out
with -2 TH 111 cylindrical resonator, for which Bquation 7.2
reduces to a complicated -integral of Bessel functiong. -Thig
equation was not evaluated. - Instead, in later caloulations,
the perforxmance of this wesonator wus compared with that. of ..
the THE 108 resonator..- It was observed. experimentally--that the
Q's of the two resonators were alike,-as were the. cavity ..
volumes. - Therefore, to a good approximation-in later calcu-
lations on the diamond e¢xperiments, the energy- storage, Wy o
was taken-to be-that for the. TH 102 resonator operating under
the same conditions of coupling and frequency. - For the TH 102
rectangular resonator, Hquation 7.2 -becomes a-simple volume

integral over rectangular co~ordinateg, and. reduces to,

(ﬁnlm)g * {volume of resonator)

Bu,

Wy 102 = (7.3)

again in rationalized mks units.e The stored energy, W,

may also be found experimentally from Hguation 4.1, since W ,
Qp and P can be measureds If this result is then equated
to Bquation 743, the vulge-for-«(aBrm)z can be realized. iIn
this experiment, the circuit parameters for a maximum output

condition weres
Qo % 24y, = 144 gllo%; £, = 9l x 10% cps; Prrva, = ¥ W3

Voz100c 3 T = 4:28%
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in whieh it is assumed ‘that the cavity was-at, or close to,
the matched condition. Thus from Bquation 4.1 we have

P Wee 6.1 x 1078 joules
and Hquation 7.3 gives,

W= %_ joules

1+008

whence { gﬁlm) 2

- 6,2.(gauas)“2/%watt nicrowave power
€3 ‘ [,24 ZE ‘57 i 2 ) i 51 W a8

or (RBy)® = 1e34 x 1077 (gauss)®/ 1 MW nicrowave
' ' power

From this expresslon,  therefore, the magnitude-of the micro~
wave magnetic field-in the eavity-eould-be evaluated. at the .
power level for which-the. aa_turazt-ion»-i?ae?bovr» wag- taken to |
equal.ge: Thus, at resonance, the. aatui'at‘-ign..-tam»(X%?mlwg)
1 ¢ould be solved fox Ty« For diamnond. specimen 29, it was
found (as shown in Fige-20)  that the saturation-factor
equalled § when the. incident klystron: power was 2B MW..

. Further, since . Tafx.l/,‘_)r (a£) and (A £} #._21;8_ x.10% (A B) :
19;,6"3; X :LlEJ,.6 eps for a 7. gauss line width; and since

A : BN x 248-% 109 radians/gauss, the saturation term

could be evaluated to give an estimate for Ty, namely,

Ty % 1.8 millisec at 4.29K for
) N . pegdiden 29

-This value for Ty, deyived from steady=state | phenomena, is

in falr agreement u;ith the value directly measured on the
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osecllloscope undgm transiant.qonditionaayththwthq;adiabatigf
fast~pagsage frequency sweep-mephod described in Section ?.é s
“the measured - T, was ~ 045 millisec: at 4,2%. Thus-the .-
validity of the above steady~state approximations would. aps
peaxr to -be justified.- Note-that-a similar treatment, could
be applied to the resonance resulis with speclmen 27,

-As an additlonal check: on -the values obtained for Bl’
5 and Ty in the steady«-state experiment on specimen-29,
these figures were compared with the figures. quoted by
Bloembergen54 from experiments on -the saturation character-
istics.of DPFH. - In the‘lattex»ax@erﬁm@nts,;at~thsw@9wer~-
;Q#al asorresponding towausaturétionafaotogAQf %s-thé quoted
Vaiueanfor-(331)~andwml‘wmremaggauas and ~6¢3Jxmlb?3uaqq,
respectively. From these.values,-it can bevaéen~thatwthau
pxoducts-(Bgml)vfor:bPEH»and specimen 29 are in fact in the
same ratio order as the line widths. - !

The nuaber -of spins in &iam;nd 29 was estimated by com~
paring the amplitude and width of.- this resonance signal with
that of the DPPH aampla\(ae1.0'x~161§~sp1n8)'msntioned i -
Section:7+2. -In this way the total number of spind in spec-
imens 29 and 27 were estimated to.be

Diamond 293 N :: ~ 2 x 1()16
Diamond 87: Wz ~ 2 x 1015
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7.5 Mg0 Crystald == Steady Stabte Resonanse Phendsmena ... .

The resonance spestra of . the. irradiated . Ngd- crystals -
were observed -undexr steady state conditions, by-the upe of
the. 50 cps magnetic field modulation. The amplitude of the
electron spin resonance signal of the Dounyeay -spepimen was
compared - with that of one of the” Harwell:specimenss -The
spaetra- could be observed ab 300%%. - It was. observed that..
the .amplitudes were of- the same- order, . as were the. spectral
distributionss Thereafter attention was mainly-confined to
the Haxwell g0 -gpecimens. in- view of the radiocactivity of . «
the DPounvesyuuecinens As observed, the. spin resonance. gpecs
trum of an Ugd specimen consisted of a main line {at approxis
mately the free.glectron magnetic. field value). and.six sabtels
lites with a signal smplitude roughly- 10§ of -the main line
value. - [t.was observed that-the satellite line shapes were
agymuetrical- about the main lines . . .

The main=line width, when compared.with DEFH, -seemed to
be unusually high =~ in the order of- 4-gauss, - At -this. time,
however, the magnet pole pieces had not been shimned, and .. .
congequently much of the observed distribution-was attributed
to .inhomogenaous. broadening ovew the. fairly large Mg0. samples
ahimming wags oarried out -as previously stated in Section é‘5t
and the experiment repeated, It .was observed that.the line
width was reduced to about 1.8 gauss. -This observation was
made -at - 300°K. to- offset possible saturation broadening.

Photographs taken for both conditions are reproduced in




PMigures 8 and 9,  In these. phobtographs, . only twe: of the.
six satellites can he obperved due to-the-lLimitation set

by the amplitude of the modulating magnetdic-Lields -The- -
| presentation is with a vepetitive-.sweep on. the-oseilloscope
time -base »~ henéa thendéuhle<spactrum.--lﬁ-aadh casey- the..
amplitude of the signal iz xoughly 5 volts for a temperature
of 452914;,_ TR KB R SR e e v B L e e e e b K o

. In addition to iﬁhomogeneous‘breadeningy“somewaatuwation
broadening would undoubtedly oecur at 4¢&9K with-the monitor
microwave pPOWe s - emplqyed for -observation. (6 4 lulﬁ*W)o To
avoid~saturatmon,~itwwould have. been neceasamyttowoggmatgz
with,monitor microwave powers- of- L MW ox lessy-system in- -
stabilitie§<wou;d haﬁe made observations at this power level
very inadaquates -- IR RPN Y. . SO I A.“]wuﬁf
~‘The number of spins. in each Harwell Mg specimen wab’

estimated to-be in the order of 6.7 X 1017 or 1.8 x 1038
per-cey Thusy the spin-concentration is -in the same ordex
as -that . employed ﬁy chestgrminﬁﬁso-exéerimgntsﬁ {Chester
quoted a line width of 0g9~gausa~£om‘a-spinwgoncentration
of A:lola Bping.per . ¢c using a- lznin.-magnet.). |

| The spin 1attice relaxation ‘timey, Ty, was not calcu~ .
lated by steady~atate resonance -methods, -because.of. the. 1ow
moniter power difficulties mentioned above....Ty could,.how-
ever; be measured directly by transient methods as will be
describeda
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?.6 ¥gd Crystals. =» Transient Resonance FPhenomens .. ... ...

The Mgo spinelatiice relaxation time could be measured
readily~by~§ha use of tyansient=producing-techniques. -One
such technique applied in this investigabion was: that of the'
csdiabatic xapiaﬁpaasage,;freguencyisﬁéeﬁ_method,_ The experir

mental praeedure wag. as followss

Yy mew h

1) With the d-¢ magnetbic’ fie1d’ ofE the r&BonaYice’ Vaiue,
ddjust the resonant ¢avity ¢olfling” {gLiding-5tub
tutier) ﬁhtii‘“t}i‘é‘“&avity is matehed or has a known
degreea. of -COUPLANEe - - tovo - oo s '

2) Apply = puleg of “mMicYOWAVe power L% k. %-whtt) to' the
gpecimen by ewdaeping the” power.kxysbran through' the |
eavity resonined frequéney by spplitation 6f a. trape-
zoidal voltage sweep-to the kiystron reflectors-. -

3) with the dw¢ magnetic field ut the ‘resonance value,
fionitor the dsubBequert trarislent vehavwioutr of the apin
systein by sweeping the monitor klystron (5 = 154 W)
through the eavity resonanceé frequency in a twsin of
obgervationyg «+ liasy by application of & train of
saw=tooth voltages to the refledton; aéidhown in the
soquence diagiom of Digure 17&» -

4) Allow the powe» kKlystron ‘frequency to return through .
the covity resonance at. .the enduothh§ monitor period:

5) Repeat thig procedure at 12 or 26 cpd.

-In tha-txﬁingvsequence~shawmuinnﬂig@ﬁi7a,~&hemhaightfof~'
the trapezoidal wave applied to the inverting klystron reflec-

tor was 170 volts and the leading edge of the trapezoid was




usually 100 M sec-long, but this was-not cwitical. The amp~
litude of .the -monitor pulse tyain was 90-volts, and the:.sweep
time-and sawtooth yepitition . rate were in the ordewr of 200
psec and~400‘/kagcgwraaygaﬁiwely.w»Th& length of the.monitor
pulse train was equal to one~half of the-cyeling period men~
tioned in Section 6+4(4)« - The.resonant-cavity employed:
could be a TH 11l or avamloa:qw#ity, a8 no eddy ourrent
logses were incurred in this method, - - - .« . v awsn
It should -be noted-that-inversion could not be- achieved

with this technigue. -Since the line width of . the -specimens
was larger than the half width- of -the resonant cavity-. .. =
(v~ 1+5 Mc/e), only a-porbion .of. the-available spins would bae..
affected by this process. It was possible, however, to effect
near-saturations. . - o 2 Waaal bl o ot B L S s et

- An expeximert . of this type was carried out-on the Douns
raoy Mg0 epeeimen at 4.2°%K. -The result is es.shown in Figure
26, In this photogreph the sweep is from-left to right and
compressed 80.that the successive IF amplifier response
curves (with a centrally located resonant cavibty *dip")
appear as a serieé oﬂ-#ertig@l~1ines» - The vesonant -eavity.
was adjusted to the matched condition with the dvc'magnetic
field off the resonance value, - In-this condition the re=
flected power would be a minimum, or .zZero. -The applied
power klystron pulse. produced. the initial {large) IF pulse-.
ghown -in. the photograph. Subsequently -the spin. system would

be saturated; and the first monitor=klystron pulse would

;{.-

e 1




FIG. 25

Mg0 REIAXATION WITH
UNDERCOUPLING
(frequency sweep)

o
1 msec

2 msec
b—- 4

FIG. 27
Mg0 RELAXATION -~ OVER-
TO UNDERCOUPLING
(fh0q = 1000 cps)
For Figs. 25, 26, 28,
For Fig. 27,

112

FIG. 26

Mg0 RELAXATION WITH
OVERCOUPLING
(frequency sweep)

LEkiN

11T

FIG. 28

Mg0 RELAXATION WITH
FIELD SWEEP

(fnoa = 5000 cps)

4.29€; W = 6 x 1017
1.3%; !
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display thavm@tQhea‘cavityncenditiompx.Hawevaxw.aagﬁhe epin
aystem retumed to -equilibrium with-the. characteristie: time
constant, ¥y, the fotal § of the cavity would decrease '
an the spins absorbed power =~ that is the cavity. would be-
eome moye undercoupled, .and. the. reflegted. power from the
éavi%y would increase, gsqillu$tra%edy-xIn“the‘figumawthe~~
sweep rate is 1.milliseclom, omd: the- time- between successive
monitor sweeps 1 400-M se@d. Thus as seen, the. spinslsttice

relaxation time, T4 {the time taken for the spin. resonance
'signal o . decay to 1/e of ité initial value), was about 4
millicec abt 4,2°K. i
Aﬂ«intareating;poiut-;ajthaﬁd&fy%h@ cavity wowre origis

na&ly,ogarcgﬁp&a@ with the d=c magnetlc-field-off the: reso~

nandae - valuo, thengin-ﬁhp-tmanaientgpemiod.dgscxibadyabQVQ.
the total § would approach that-yalﬁa~cqrresgonding to
mateh - aamtha«spins~absoxbed~poﬁerr mhug,~the«tmansient .
response aha:acteristié-would-ba~thg ipverse-of-fha& showa
in Meure 25, but the timewconﬁtant! Ty would be the pame.
-One such experiment wos eamfied out on -a Harwell Hgo
specimen at 4‘395’ and the result le.shown in Fig.26. In
this case the swoep rate is 2.5 millisec/om, snd the .gpine
lattice velaxation time,.wla ia~glaowgboutu4~milliaea¢z% -
Wote that the diamond specimen.29, using this frequency
sweep method for -a transient observation, showe¢~a~T1~meaﬂ
surement of 0,5 millicec at 4+2°%K-which-is a reasonable

check on the esbimate given in Section T.4s
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a7 Mgo Crystals =- Preliminary Inversion Experiments ... .

As stated, inversion of the Mgo-line- by the.frequency~
gweep method of adiabatic fast passage was not achieved, as
the molecular line width was broader than- the width-of the.
resonant cavity -response. - In consequence, invemaion'ex@ar;u’
ments were carried-out with-the.field sweep-method. of-adia-
batic fast passage, . since in this oasevailnof the available
electrons would be acted on by the perturbing radiation
FINAG: - o« oo mmmaan s waam emond e e e TR

Problems were encountered with- this .methode . As- the mage
net field-modulation-coils were mounted as-a Helmholtz pair
on the magnet pole pieces, . transfommer aotion would ecoux i
between the main and modulation.coils, -with-the effect pre=-
seribgd‘by Lenz' Laws - Thus- & largexr modulating power-would
be required to sweep the magnetic fiéldnat-the paranagnetic
gpecimen by the desirved amounts. In addition,  due to the
interaction between the main and modulating magnetic fields,
much 0f the circuit path for the moedulating field would be
through air, and not through the magnet yoke. - -

- In addition to the above coupling drawbacks, at the - -
higher frequencies it was necessary 1o consider eddy current
heating effects on the boiling rate of the liquid helium -in
the innex dewar.--Eddy-currgntswouldjbe-aet<up-in the. cavity.
resonator and associated wave-guide =-- and to a lesser extent

in the silvering on the wall of the dewars
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In the original-experiments of.-this dnvestigation,..
the T# 111 (silver plated) brass resonator -was useds ' With
magnetic‘field.moduiation applied towthis'sygtem,pit»waaw-%u‘
found that the.modulation response at the paramagnetic-speci-
men fell off. rapidly for frequencies in excess..of 100 eps.
Thisfwaé‘in-agre&gent~with.invastigation3woarried-Outwpy g A
Haywaxdza on eddy=current effects-in cavity-resonators. -In-
deed, Lo sweep through the igd main resonance-iline with -the
external sweep c¢oils at 2000 eps required.a dyrive.of 150...
volts mas at 2 amp. In-this. case the- driving source was- the
hi@h«frequency~mntor~a1temnatom»c&rgui@ deseribedsiin Seetion
GeBe Turthermove, the eperating period-per experiment at - -
4:2% was reduced Lrom-about- 12 hours-to & hours-as a result
of eq@yécurmani-haating~of-thetneaonator and- asgociated wave
guide. - (With such a loss rate, therefore, it was impracti~
cal to attempt to operate below the. .7 pointe). Despite .
these -drawbacks, however, some initial useful infomation
on inversion and saturation effects was obtained.. .

Bxperimentally the method- was as follows. - The high
frequency alternator output was applied to the-external
sweep coils via a.l«b M P series.capacitor which. reduced
the cirauit-impe@ance-«-Thﬁumoaulation was aimultaneously-
applied- to'a Dekatron glow tube scaler and every hundredth
pulse was fed from the sealer output 4o the trigger circuit

which initiated the powexr klystron pulse, The regult of
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such-power -pulse application was monitored with the o~w
monitor klystron eirouits ---
In further detail, with reference- to- Figures. 14-and
15, the operation of the pulse cirouits ds-as followas
1) The sealer output-(positive) was amplified and. -
inverted by applying it to Pin 2 of ‘the 'the triode
Vi, 'whidéh was. in the "off" position for multivi-
Draboraobions « i @ B FiGeiE @ s amy EAd BUAR F

2) Tne"'output“':{mls‘a"frbm' V1 triggered  the one~shot" '

 multivibrator V12, through-the- trigger diode V1T=hs

3) The output of V2 (trdiling edge)  triggered the 'one=
shot multivibrator V13, through the trigger diode™ .
VIi7=8s ~This multivibratox applied a 100 volt posi-
tive pulse to' the eathode~follower clipper cireuit '
T14=A which in turn-applied an essentially reotangu-
lar 95 volt pulse to the powerlklyst_ron reflectors

The duration of the power klystron pulse ( ~ 500 M sec)
was controlled by the second mulbivibrator V13, while the
time delay  of -the '\f-i-:ca\t-»iuuitivi‘br'a*bor VlB-Wa.-a~--adjuated to
ensuxre that. the power klystron pulse was .applied as :thaf
modulated magnetic field awept through the main Mg0 reso=
nanee line,

- In-these experiments with high-frequency sinusodidal-
magnetic field modulation, it was-possible. to saturate and

partially ianvert the main resonance line of a Harwell MgO




erystals Such reaultaaare.illustra#ad-in‘yiguresnﬁa,,Qﬁ,j
and 24, These photographs were -taken at an operating- fre=
quency of 9»2 Kio/s and.temperature of 4.2°K; the field= ..
mndulat&pn~£requengy-wasJM 1800 epse -In--all- three figures,
the left~hand pulse is-the-power-kiystron pulse, and-the .-
sweep rate is ~ 600 sMpec/om.- - Figure 22 shows the- Mgo. reso-
nance line with the power klystron pulse well.attenuateds . .
- in thig case the resonance line is not saturateds -The- power
klystron pulse waa-dnareaaed‘t@~ef£eqtusa£uratien;o£~&he
resonance line as shown in Pigure 233 here the transient- - -
response of the spin system is displayeds . Tigure 24.-showsy
in one sweep, a partialwinvewsicn~pfuﬁheurgsenange»ldpawwith
the application of a powexr pulee- of 250-milliiW -= note dhat
the apparent. drift of the baseline.in this. figure.was due
to the faot that the field modulation was-insufficient to
sweep Qamplﬁtely“through the main resonance linge ... -~ -.. ..

It was important ta;know:the amcunt~af;reaonantébavity
eoupling in these experiments, if false yesults were not to
be obtained. - ‘Whe amountd ofwabupling~cou1dAbe obsarved .. ..
directly by noting-whethexr the apin*resonance~aighal-added
to the power reflected from the cavity. (undercoupling) or . .
‘whether it reduced this reflected power (overcoupling) undsr
steady state monitor.conditioné.. P aRE Ea w R

If, under. the app%ieatimnvofmavpower.k&ya$m0pmpulae?
the resonant cavity remained-overcoupled-for-all the pos-

sible values of magnetic g, true inversion would be




displayed on the oscilloscope as an inversion of the spin - '
resonange: Line. .- On-the- other hand, if the cavity were under-
eoupled for a. particular -value-of Jiagnetie §,-and passed .
through. the matched condition-in a phase of. relaxation. faom
a saturated, but pot-necessarily inverted state,-one would
obsexve an apparent inversion. of the resonance line. - This
lattgmﬁstate;wouldhhe-uﬂdeairablaﬂimomxihesgeinﬁ~0fwvﬁewb

of -ambignity, -and this is-one reason why an- overgoupled -
cavity was employed in -such exmperiments. -Figure 27 shows
the effect with ay nowmally undercoupled eavity.. In. dhis.
casey the cavity system is relaxing frow an: overcoupled-to-
an undercouplied siate, Following- the application- of- a power
klystron pulse, when -the power kiyebron pulse was insuffi-
ciont for complete inversion. Nxperime ntallys the undexs..
goupled .condition was realized with a alidingeatmbm$unef\in‘
the cavity ara: of ﬁhe w&ve @uide clreulis, fhe eireuit. parse
moters wore T g 1o %5 £, = 9«8-Kic/8; fpoq # 1000 cps;
power pulse = 1 millisec duxation.. -

. A more complete picture, showing the. relaxatlion phenom-
ena, is given in Flgure 28+ This.observation was made with
a Harwell ge- speoimen in the TH 102 resonator at 4;29K:and
at an operating frequency of 9.3 Kiols} £,,4 = 5000 0ps3.. .
EK£Y3~7 200 wmilliv. The oe8cilloscope sweep rate was 1 milli=-
sac/ecm, ‘Phe time indicated for T; was 4 millisecs. This
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is in elose agreement with the relaxation time measurement
made on the same-apecimen by the frequency. sweep method of

adxabatxc fast pascsage.

798 ;nverszan.mxgerlmenta with the T ga Resonator .

. ¥he -electromechanical system for field medulation- de-
soribed in Bectlon 7.7 suffered the disadvaniage that the
modulation frequency.of 2000 ops was too low-for effective
inverslon and obsexvation of the Mgd resonance line. - From
observations made an-edd&-ourranb-effaetsg.hquVer it was -
obvious that an increase in the modulation fraquencvﬂappl&edu‘
to the TR 111 resonator system-would shorten the 4.2%. expexi~
mental operating time disasterously, -Hence, a new field sweep
method had te be deviseda  -In this method, a-thin wall Culld .
2m'102 resonator system was employed, as desoribed in Section
6o2(d) .

With the T8 1082 resenator, -the attenuation of the field
sweap at the paramagnaﬁicmgpgoiman Wgs.lawer.» The amplitude
of -an Mgl resonance signal, -as a-measure-of- the field sweep,
decreasad only 35% as the (sinusoidal) modulation frequency
wag inoveased from 250 eps to-B ke/s. Bven with the T 102
resonator, howevers it was neecessary to drive the inwernal
modulation eoils with low dubty-cyele pulses if eddy«current
1losses were to be kept 1o a minimum. -TFoy example, with a ..
sinusoidal 12 ke/s field sweep of 6.gauss, an experiment. at.
‘¢;29K wWas ahoxtanqd“frmh the normal 12 houxr period to about
% hours, as the result of eddy=current heating.
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. 180
- Bxpeximentally, to-keep -the eddy~current:losses to a
minimum-and-to satisfy the inversion-eriteria, the-internal
field~modulation.coils were driven with a-l.2.amp-current..
trapezoid of duwation ~ 400 smsec and repitition rate-12- ors
R5-cpse In most of the experiments-carried outy the leading
edge of -this trapezoid was 200 msec long and the trailing
edge smothgr ;3@@,./4.353., % T, | B e e TeR o & Swove e A
The d=c magnetic field value was adjusted so that this
trapezoidal modulation swept through the-apin resonance-line
twice. (In the case of -Mg0, this would be ‘the main-resenance
Lines) The-two resonance lines were observed with the- o-w

monitor klystron. The power kilystron-pulse was then- applied

while the leading edge of the trapezoid was~9wapt~through;v‘

the spin. resonance line, and the result of such power applie
cation was observed with the o-w klystron as the trapezoidal
éweep returned -through the resonance- conditdons. (This .
method had. previously-been eumployed by chesters?g.'butano_
cirouit details were given.) JIn these latter experiments,
the power - klystron pulse was inoxeased. 45 ~ 460~m111;watt
with the ald of a sliding-stub tuner placed at the X-13. . - -
klystron (3ection 641{a)). Furthermore, fhe resonant cavity
was ieft slightly -overcoupled. |
With reference to Figs. 14, 15, and 18, circuit opera~
tion was as follows: :
1) The trapezoidal current~sweep output fxom the power
amplifier (Pig.18) was produced by driving this
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amplifier {norhally bhiased to Qutoff) with the 180 .volt
trapezoidal positive pulse output from the bootstrap
swéep cireuit V4. In thiv casé,; the driving multivi-
brator, Vi, was in the 12 eps oxr 25 ope position. ...

2) A8 in Section 7.7, the output pulse from V1 briggered
the onewshot- aultivibrator V12 thrnugh the trlgger
dilode,y VIT=A. o ‘

5) The output of V1R (trmziing ed&e) trlﬁbcrcd the one=
shot multiV1brator'Vlo through the trigger dlode,
Y17=-B. This multivibrator applied a 100 volt posi-
tive pulsé to the gathodse follower clipper eireuit

V14=A which in turn applied an ossentially flat-topped’
96 volt positive pulse te the power kilystron-reflector,

4) The power Klystron quiescent reflecton Voltage was '
gset to the high frequenoy edge of the 3% mode so that
the pulse applioat;on would bring the Klystron fre-
quency to-the-cavity resonange frequencyw - :

5) The time constant of V12 was adjusted until the power

" klystron frequency arrived at the resonance value as
the field waveform started the fivst sweep through
the resonance lines

8) fhe“ﬁime'éonsﬁant oflvi% Qasuédjusﬁéd unﬁil‘ﬁhé'éhrae
tion of the _bower klystron pulae was equal to that

time taken by the field swaep eircuit to sweep through
the resonance line,

78 (a) Amplification with Me0 ab 1.3%

4 Tield sweep experiment with a Hazwell Mgl crystal is
now described. -The e¢xperiment wa@~carriad out wiﬁh an over-
coupled cavity at 1.3%K and at & frequency £5 = 9,05 Xilo/s.
The Harwell specimen was cut to size to it the TW 102 reso-

nator: the weight of a speclmen was now 0.72 gns and the
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total estimated number of spins m~sn6.?‘xwlolz.nvmheccnrqtal
was - located along -the field sweep axig at the centre.of the-'
resonatore . Note that -the orystal-was not cut aglong any defi«
nite crystal axis eince it ig isotropie in the main-resonance
lines Nor was it located along any crystal reference axis
in the resomator. - ... Cewa e weem e e e

CFigure 29 shows the sweep voltage applied-to the field~-
sweep power amplifier. - .As ghown, the sweep- drive waveform .
was made slightly-asymmetrical in-this experiment.. The {ime
scale is 100 M sec/om in this - photograshe- -With this aweep,‘
the<two-reébnanaa-lines‘diSplayea'byAa~mangtorayow¢r-ofv'

~1a5 % 2077

- watts are-as shown in Fig. 3le  The apparent - -
difference in line widths is due te .the field sweep-asymmetry.
In Bige 31, the goales'are-zoo mM/em-and-l@Olyiseq/cmnfor’Yn
modulation and X=modulation, vespeatively. The~result‘ofva
470ﬁmilliwatt power pulge application-is shown in-Pige 32
In this figuve, -the. large negative pulse -is-.the power klyw
stron pulse which haswsaturated the I amplifier, and the.
resonance-line. . The time and amplitude‘aealeé.are ag in
Fige 31, as is the monitor power. . It was estimated that on
this amplitude scale a-monitor power of 1,6 x-107 7 watts
would correspond to ~ 80 mV. - Thus the power gain in.-this ..
case would bhe.~v .10 db, 100L/Asec,aftar inversions. Note that
with this specimen it was neceasa§y~to~uae a fairlymlpw Lopaes e

monitor power, as it was egtimated that the Saturation Factor



FIG. 29

FIELD SWEEP DRIVING
VOLTAGE

FIG. 30

MgO0 ABSORPTION AND
CAVITY REFLECTION
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FIG. 31
Mg0 RESONANCE ABSORPTION

(monitor 1.5 x 10~7W)

For the above figures,

FIG.
MgO0 EMISSION

(# W inverting power)
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at. resonance (l ’ . }/ggagrgifgg);“l - would eq:uagg 4+ for an inci=
dent power level of about . quﬂatts,

The power roeflacted from fhw eavdty duwing the. powexr -
pulse a@plimaﬁipg‘egula-ba~0ba@xvaﬁ with straight detection
as shown in fg. 30. The change in powen reflected from the
vavity ocours as the megnetic £leld sweepn through the vesom
nance near-the end of the pulso. Th@%ﬂweep_time is again

100/1360/'@:&. o & - doas wn v

4% was of interest o note that dn add@tion 4o the main
Mg0 resonance Lina; it was. also pOﬂaiblﬁ ‘bo- invert each o !
the six satellites. - The gain over inversion-under such condi-
tions, however, -did nob sppeay tameﬂmeeﬁhunity. o ses v
| in ecnclu%iom D shauld be atated. that the experinent
on the main resonance ane was also. carriad out at 4.2% -
At this -temperatuve, howevsy, only a-nartial invarsian of +the
resonance line. could be attained with the technique employed.
At this ﬁemyaraiura with an . Mgo specimen containing 1017
Bpine, Ghesﬁegg observed-that the inverted state persisted
for about 2.5 milliseo; in this instance the regencrative .
gain was 30 db at lgﬁjum@a after_inveraion and fell to 3 db
at 720 MKoac.

7.8 (b} Qeelllation with ¥Meo . atk 1@ﬁﬁﬁ - %
In this experiment, -which. was repeated.at foﬁé 2,06 Kile/s

and T s 1+3%, the anount of paremagnetic material in the
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cavity was doubled. - The- sesond Harwell-Mg0. specimen-was-cut-'
to £it the T 102 resonator, and was mounted beside the speci-
men alveady in the cavity. - The total numbar of gpins was
then ~ 1.2 % 2048, To -ensure rigidity, the two.specimens -
were stuck together with. nail vamrnish before being.embedded
in the Jabolite that £illed the lower half of thewcavityw~vvf
The -erystals were-insid&~the»area~aweytxby'¢he internal.. modu=
lation -¢oil. -With the slidinge=studb tunex, the power klystwron
was adjusted carefully for maximun output. This adjustment
was caryied out while pulsing the klystrons . From-the X=13
klystron operating charaeteristics, the optimum power at
this frequency was estimated.to be 470 milliwatis.- S RTE

- Using the technique cdeseribed in the previous section,
a- large inverted resomance line. was observed with. s monitor
power of Aflyﬁwmflo”Vnwayta - following the application of
the power klystron pulses.. This inverted state persisted. .
after the monitor klystron was disconnected from the circuit.
Furthermore, this oscillation pulse could be observed with
straight -deteotion when the local oscillator klystron was
alao disconnacted. - vk m ews Fd

@he-osailla&ién~pulae ghown in Fig. 33 -has the ampli-

tude modulated charaoteristie obsewved. by investigators®?=®
working with other paramegnetic.material. The time scale
inuﬁhis.photogmayh-is-?o'/Aaeq/cmy The -duration of the

pulse was dependent on the field sweep characteristicsy and




5 mW

70 Jrsec

FIGURE 33

Mg0 OSCILIATION PULSE WITH AMPLITUDE MODULATION

(rield sweep inversion -- % watt)

Nz1.3 x 1018, 7 2 1.3%, £, = 9.05 kMc/s
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thus oritically dependent on the guigscent. level-of the dwc
magne#ic fields - By varying the quiesgent field level, the
pulse duration could be varied from about 160 M seec-to. -
\50 Josee == shorter duration pulses oouldvnot~ba-prqduc§d.
It was named~that~ﬁhé anplitude modulation;waa«mogt:pro&
. nounced -in th§~monger~pulseﬁw ~The. peak 'power during o 100
Y 8ec -pulse, such ag- 1s8-shown in Pig. 33, was estimated to
be B mil&iwatté“.yrom guch an estimate, it wag- possible to
define and evaluate a Conversion Effioiéncy factor (OQE,)

for the gsystem such that

gédk;gsbigigtéi&”éowQE ‘ ‘ )
Inverting Klystron Power (7.4)

In thia case,
5% 10™" " b
470 x 1070 = 1+06%

. '
d

0#3:31'

for a conversion at the same frequency.

it is of further interest to define an Emission BEFie
aiency factor (B.H.) for the oseillatory condition, such
that

.. o LOOXEY Contained in Single Osc. Pulse . (7.5) .
“7" 7 spin Bnergy After Complete Inversion(w)

in the above, W vw\the.ma;imum»energy stored in the spin

gystem =~ from Bquation 3,12, would be
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w(ng)® ~
Rk (7+6)

K R ¥ IR

¥ %

where. N is the total number of spins... In this- experiment,. .
the parameters weres N ;"iyzvx:lo;a spinsg; 'L g 9,05 x 1@9“cps
g § 1.3°K:(h- 6462 x 10727 oyg-pec; k = L1¢37 x 10710 exg/de~

gre%; 80 that

VA &

W o+ 12 x 1077 joules

in this experiment. estimated values for the osciliation
pulse were P aak 5 milliwatte, and - pulse duration -~
100 M seos Thus. the energy. contained in. the. observed oaoil—
lation pulse would be to.a first approximation. . 2.5 xﬂ1®?7f
joules (neglecting amplitude modulation)s Thus the Emission

mfficiency would be

3.5 x 10.!7
EQEO = 1? ® 10-*7 {\"/ 20%

As a measure of ogcillatory -operational efficiency,- it
is worth while comparing the above resulis-with-those calcu~
lated from the data given by Chestér in oscillation experi-
mepts [353] irraﬁiate@ quartzs.. Qhegta¢ qubteﬁg. a8 fnllpwsz
N #,30}8~5Pinai ?,ugAQ%QK;‘f = Q.OLx‘le? cpss- klystron . .
power_ﬁ 500 milliwatts; peak oseillation power é 12 milli-
watte; - oscillation -pulse aur@tionﬂg‘lg Meees Por which
case, using the above.edquations, Cele = 2.4% and

BeBs  20% for irradiated gquartz maser.
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“ The conditions for observing an-oscillation pulse wexe
quite critieal,. and several eXxperiments were ocarried--out.din
whioh no osgillation pulse was detected. -It.was f@und;:at
this stage, that the Q- of the TG 102 vesonator had de=
creased somewhat. (due- to répeated. soldering)-and the cavity
waa,-the;efore,'xegai;vered.--ln the- next experiment carried
out-at 1e3%s £y = 940 Kic/8s G, «- 7000), an:oscillation -
pulse of about & milliwatt was observed as shown in Figs.34,
35 and 36+ - In each of these figures, the sweep time is
200 msec/cm, ;

In Fige 34, the gain of the IF amplifier has been. re=
duced so that -the oscillation pulse does not saturate.the.
awplifier, - It can be noted- that this 100X sec-oscillation
pulse-doea‘gggjhave~the-amplitude%modulated characteristic
observed with 'the previous-experiment. . . ... ... ... ..

Iin Pig. Sﬁrntheugain~0f~bhe-IFvamylifier~has\been in-
creased to the -maxligum, -and- the -auplifier is saturated by
both the inverting and oscillation.pulse. - It was found,
that if the loeal- oscillater reflector voltage was shifted
slightly, the amplifier output would-have the foxm shown in
Wige 36. “$nu£his~£iguxe, the IF. amplifier is. unsaturated for
part of the inverting period when the magnetic field sweeps
through the molegular ryesonance, It is not exacétly under-
stood why the inverting pulse and oscillation pulse




130

FIGURE 34
MgO0 OSCILIATION PULSE
WITHOUT AMPLITUDE MODULATION

FIGURE 35 FIGURE 36

Mg0 OSCILIATION PULSE == MgO OSCILLATION PULSE ==
INTERMEDIATE FREQUENCY AMPLIFIER UNSATURATED
AMPLIFIER SATURATED DURING INVERSION

In all figs" T = 1-301;, fO = 9,0 ldjlc/s’ Ve l.ed x 1013
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displays decreased at different rates- as the:-local ose¢illator
Trequency -wag taken off the superheterodyne value, - It is
possible that the logal osaillatqr'is-"pulledé slightly by--
the power Xklystron during the inverting pulae,~in-whiph-gase
the inverting and oscillation-pulse-digplays would  diffexr - - -
slightly with the local- oscillator frequency variations - This
could be checked by increasing the isolation factor in the
local oscillator eircults

-The difference in. the -shape of the oscillation pulses
in Eigurea'ﬁs\athSA was even morenpuzaling-~~mhe~the@wiea
formulata&53'$5'56 to explain the nature of an escillation
pulse seemed to be somewhat inadequate and- it was felt that
the -oscillatory behaviour -should be-further examined. Pol=
lowing a suggestion mﬂdeyby'Prafg~8teva@s§”:an~attemptwyaa»
made- to monitor the- behaviour of the-longitudinal component -
of magnetization.during the. oscillation pulse. -We postulated
that if the energy-in the cavity.was oscillating. between the
spin system and microwave-field at.say 50 kefs {as might. be
inferred from Fige 33), it should cause a measurable voltage
to ‘be -induced in a coil woundwaround~thﬂ»Mg0~cmyatals-gg-the
cavity. . It was.estimated.that a peak veltage. of ~ ¥ milli-
volt might be picked up w&ﬁhta~ﬁg turn coil at the B0 ke/s -
ffaquency.A~Whan-a-eoil was wound around the specimens (with
the coil axis along the mailn field axis)..it was found .that. ..
the @ . of the cavity-was seriously affected, despite the fact

that the coil was located along the plane of the microwave
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magnetic field, -The §.was affected seriously when more than'
two turns of 42 gauge copper wire-were wound around the-crys-
tals. - Thus, -the experiment had to be abandoned. A possible

alternatlva mathod iss however, given in Ghapter Ba

78 (e) Saturation with Diamond at ;&ng

Following the successful escillatory experiments with
the irradiated ¥go specimens, a similar experiment was .-
carried out on an irradlated diamond specimen to-see 4if. in-
version oould be attained. Using- the method described in
Section Wga,-ampulge~§f.kiya¢rog powerwié?efmilliwatt}<wQs
applied to specimen 39 and the- result eof such-application
was monitored 100 psec later with-the-g=w Klystron (e 1uW),
gaturation of the.diamana resonance 1&ne-was:cbﬁerwad;witp
this pulse power at £, = 942 Kilo/s-and T 2 L«3%. . Invers...
sion, however, was not‘attainedu»mhi§~resu1t~migh¢ be antici=
pated from paragraﬁn~3§~o§-Seqti§n~5;1‘coveringgﬁhawadiaf
batic fast passage conditions, since in this cude the re-
laxation time, T (~ 0«5 millisec) is not long compared
with the Tield sweep Himes _

As -a means of gtudying the degree of -saturation .of"
the system as a function of Rinverxting!. power, . the ampli-
tude of the wesonance absorption characteristio was moni-. .
tored as a funection of pulse power 100 A Bec after the pulse

application, and the results are plotted in semi~logarithmic




E.SR. ABSOAPTION VOLTAGE ( millivoirs )

- 133 -

= 1.3%°%
foz 9’l KM(./S
MoNITOR = lo/uw.
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30 20 10 (-]
KLYSTRON PuULSE PoweR (400 mw.)

ATTENUATION Db.

FIGURE 37
DIAMOND 29 SATURATION CHARACTERISTIC
100 )Jsec AFTER POWER PULSE

(Field sweep method)
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fashion in Figs- 37, -1t can be seen that-the. relatdionship
between degree of saturation and "inverting"power is non=-

linear. R L R T

7.8 {4) ;{%es;onanqg_.,@xpeg;ment with Phosphozousg~

A spin resonance experimeént was carried out on--one-of -
the phosphorous=doped silicon crystals.  This experiment was
incidental as this type of erystal-had been,exmensife&y~a~t
studied in a two=level masex by Waters at»$~£wbww&}~christ-
churchs -The.specimen.(weight 41,4 gm; thickness. dmmj. ..
N = 1a3%x100 -spinﬁ) ‘Was mounted .on Jabolite along the .-
TH 102 :esenatoi»fieldéayeag*axia~w&th~it5rbrqaﬁzfacﬁenbrﬁal
to the incident power-vestorxs. The resonator length wag-
shortened to counteract-the e£f3c¢~o£‘thafaﬁliconriﬁhuyllyaﬁ)
onthae regonant frequency. Withmthis“qpacimen.-tha-;ength
of the TE 10R resonator was reduced to 35 mm for operation
at 9@05 qu/u:und-l959Kw o

- With a gew Klystron power of 10 MW (which-was well into.
saturation under gteady~state condlitions), & reaonance‘specﬁra
waswobaerqu woich congisted of two equal-and narrow absorp-
tion lines. The amplitude oﬁ-#he.raﬂonanoe~limes wag -less. .
than 10 millivolts on the oscilloscope-.and as this level was
sumaller than -that foxr the HWarwell Mgl cxystal by a-factor of
500y it was thus at the threshold.of the.spectrometer. -

The amplitude of -the resonance signal -could, however, be

increased to 10 millivolts == with the same dincident power

-~
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level == by shiningmﬁwhateﬂ~1ightmdownmthe;gpartznpuning
rods -In this case thg-ligh&;sour¢e~was~aé,ﬁz&oltyxaﬂcy
Qe 15 amp bulb -mounted on a frame about the quartz tuning
rod as .shown in Figures 4 and 8. . - . ..o

- Bince -relaxation- times in the order of- minutes-had °
been observed by Waters with similar cxystalsy the- inver-
sion technique of this investigation could not be suitably
applieds -An- inversion of-the. resonance lines.was attempted
by - a) mechanically sweeping the magnetic field through the
resonance - condition with-the power kiystron fully *on's. .
b) attenuating this klystron fully (70 db)s - ¢) -retuming
thefd¢c;magneti§ field- to-the resonance conditionj-and -
d) monitoring the -resonance signal with *h@allow~kl&strpn
powe I 80me~degree49f¢saturatian~an@ relaxation was- ob- -
sexved with this. rather erude method. The signal was, how-
every 80 close to the spectrometer threshold that no quali-
tative measurments could be made. other than an approximation

of Ty, which was Judged to be of the ordexr of many seconds.
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CHAPTER 8

-~ - With this maser design it has beon.possible to-produce
oscillation pulses at-the inversion frequencys -Thus, the -
thesis alm has been achieved,.and in this respect the follow-
ing con¢lusions and-recommendations may be mades .- .-

-With -thp:Mgemgrystalg‘investigatedy the- availabile
klystron power {(~-460 milliwatt) was just sufficient to
effect oscillation-at the lowest working- temperature of-:
1&39&@~ The generation of -oscillations would therefore-be. .-
much more-certain. if the-inverting klystron power and sample
size (or concentration).could be increaseds- - . . oo

.- 1f the paramagnetic sample were made to-£ill the cavity
completely, the system could be much more easily. tuned. In
this case, the operating frequency at liquid helium tempera-
tures would be essentially the same as at room temperatures.
To reduce the eddy-current- losses incurred with the field
sweep method, the cavity could be made from a-section -of Mgl
(or other crystal) covered-with a thin-deposit of- silvexr.
While .the silver deposit would be.effective in containing .
the microwave fields within the cavity,-it would permit - the
application of a sweep field to the specimen.  Furthemmore,
a-pickeup goil-could be wound -around the outside of. .the ..

cavity to detect low~froquency ochanges in the longitudinal
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component -of magnetization, - The pickeup-circuit- would have
to be designed so that it-would- not-respond: to the swept
fields. . If this effect proved troublesome,-the. addabatic.. .
frequency sweep method of-inversion could be-re-investigated.

+ - With this system it should be possible. to. produce . ».. .
oscillation pulses at a frequency-higher than the "inverting"
frequency. - Using-a pulsed magnetic field. for this purpoae,
caxe would hawve to be taken to ensure that the oscillatoxy
energy wers emitted only in the desired modes From-the.in-
vestigations in this thesis it would-appear that oseilla=-
tion in an undesirable -mode would-not oceur if the rate of
field sweep were sulficiently highs
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APPENDIX A
PRINCIPAL MIOROWAVE COMPONENTS

Component

Medium powex -klystron
T.ow pgupr-klystron~

Bliding=stub tuners

30 db variable attenuators
40 4b calibrated sttenuator
10 db directional coupler
Flexible Wave:guide
Wave guide flanges:

choke

plain

. Type

Varian X=13- - - -

Bnglish dilectyric KL

Mierowave Instzuments Ltde
52/1400

MeTolis  B2/670

MeI.L. 383/635

Mod+Le  32/1700

Sanders FG-16-6PC

American type UG40 A/U
" "UG39 /u
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