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A Nuclear Magnetic HResonance Specirometer
Introduction

The magnetic properties of the mucleus have interested
Physicists ever since they were first postulated to explain the
hyperfine structure of spectfal lines., It was supposed that the
meleus is, in general, a small magnet whose interaction with the
atomic electron splits the energy levels between which the electron
meke transitions responsible for atomic lipespectra, With
spectroscopic instruments of high resolving power it was possible to
determine certain nuclear spins and to measure a mumber of nuclear
magnetic moments to about two significant figures (1). Considerably
more accurate neasurements were obtained in molecular beam measurements
(2) (3) which were piomeered under 0. Stern and which later flourished
under Rabi at Colunbia Urniversity., An outstanding additdon to the
beam technicques was the magnetic resonance method which the Rabl group
eprlied to thece experiments. In the most recent developements in the
study of nmuclear magnetic moments, the magnetic resonance prineciple
has been applied to solids, liquids snd gases in their normal physical
states and in consequence the compilation of data concerning nuclear
maguetisx has become even more rapld,

These new magnetic resonance techniques were developed
simultaneously and independently by the Purcell and Pound group(4)(5)
at Harverd and the Bloch and Hanaon group(6é)(7?) at Stanford. The

advantages of the new magnetic resonance method over other methods
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are the relatively simpler equipment, greeter accuracy and wider
applicability.The magnetic moments of wost of the stable miclel have
now been measured, However, as a result of the interaction between
a nucleus and its surroundings this method can be used as a tool to
study othexr effects. For example it has been used to study the
establishment of the thermal equilibrium essential to magnetic
methods for attaining very low teuperatures. The width and shape of
the resonance has yieided information concerning crystal stricture,
(8)(9), phase transitions in solids (10) and hindered internal

motions in salids (11).



Theory

(1) Nuclear Angular Momentum

The anguler momentum of any particle or system of particles
is found to be easily expressed in terms of a fundamental wnit t
thch is Plancks constant divided by 21, The quantity demoted as
"the spin" is defined a.s% times the largest obeervable value of the
time average of a component of the angular momentum vector P in a
given direction. Since we are concerned with nagnetic fields we
shall select the direction of an applied marnetic field H as the
reference direction of interest to us, From quantum-mechanical

argunents the value of the vector P is

Bl = {z{zv1)] ¥4 (1)
where I is the quantity refered to as"the spin quantum mumber"
1
1 "tﬁ)(pﬂ)max (2)

and Py is given by the expression
p = uh
H
where m =1, I-1, *** ~I+1, -I
It is found experimently and theoretically that the value I can only
take integral or half integral values so that the angular momentum

1s limited to disciete values,

{2} Ruclear lMagmetic loment

In eddition to its intrinsic angular momentum a nucleus

possesses, in general, a magnetic momemnt; that is 1t acts like a



small bar magnet, This magnetism may be considered to originate
is circulating currents in the nucleus., Since the intrinsic
angular momcntum implies a circulation of mass, it should not be surprising
if {he angular momentum and magnetic moment are related. TFrom
classical mechanics, the magnetic moment of a spinning spherical
shell with charge q @ mass M, distributed uniformly over the
surface ia

F=GHT ' (4)
where }I is the magnetic moment, p is the anpular momentum and ¢
is a constant equal to the velocity of light in free space. .ince
nucléar magnets do not :con.fom to thias simple model it is customary

to write

o

F=eGeo? (5)
vhere g , called the muclear g factor, 1s a number characteristic
of a nuclear species ir a given energy state, : is the ciarge on a
proton and } is the mass of a proton.
Equation (5) can also be written
F=¢ Gpa tT =, T (6)
where u, = zf—k; f is called the uuclear magnetcas Nuclear magnetic
moments are usually given in terms of the nuclear magnetén. The
quantity colloquially refered to as "the magnetic moment" is
(uH)max: glu, (7)
The dimensionless number gl is "the magnetic moment™ measured in units

of the miclear magneton.



(3) Nuclear Electric Quadrupole }oment

In adaition to intrinsic angular momentum and a magnetic moment
a micleus may also poasess an electric momemt, If one expands the
electrostatic potential at a point outside the nucleus in terms of an
infinite series, one finds that the successive terms correspond to
higher aﬁd higher order electric"momenta’, The first term >f the
expanaion represents the potential of a monopole. Since this term is
spherically symmetric, the electrostatic energy due to this monopole is
independent of nuclear orientation. Therefore thig term is of no
further interest in this work, The seccond term of the expansion 1is
celled the dipole moment., However, the theory of nuclear structurse says
that this term is zero(12), so it need not be considered further.
The third term is the quadrupole moment, This moment is a neasure of
the departure from spherical symmetry of the nuclear charge distribution.
The electric quadrupole moment of the mucleus can be either positive or
negative, the positive value indicating an oblate spheroid with respect
to the puclear spin axis. - A negative value indicating a prolate
distribution of charge. For a nucleus to have a quadrupole moment the
spin I mst be greater than or equal to 1 (13). The nuclear quadrupole
moman£ is defined as

e Q =iéZ¥(zz -rz)dv (8)

wvhere e is the proton charge, , is the charge density on the nucleus,
Because of the nuclear symruetry it turns out that the muclear quadrupole
moment ip a scalar gquantity. The higher order terms are in general

negligible and shall not be considered here
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FIG. (1) VECTOR DIAGRAM USED TO ILLUSTHATE
THE DIFFERENTIAL EQUATTON OBEYED BY A
PRECESSING ANGULAR MOMELTUM VECTOR OF

CONSTANT MAGNITUDE



(4) Intersction of & fuclear Magmetic Momemt with an Applied Magnetic
¥ield

If a magnet of dipole moment ‘}'i' is placed in a magnetic field
?{:), a torque T is excrted on tnis magnetic dipole
L =1TxH, (9)
Newtons law of rotational motion a&tates that the rate of cuange of
anguler momentum is equal to the torque applied to it

§.~.I (10)
-.' g‘.% = EXB.O

dE e V"“V_'
p- 3 -g (—.—.—-—- H -3‘ It

which is the equation of motion for a vector p of constant magnitude

(11)

precessing with angular velocity

W =5 22§, (12)
We see that if a nucleus with magnetic moment u 1s placed in a
magnetic field Fo the angular momentum vector P -preceeses with angular
frequency G, regardless of the angle J between T and H,. Lo, 18
called the Larmor precession frequency.

Although the Larmor precession frequency remains constant it can
be shown that the potential energy of the muclear dipole is a funciion
of the angle Y betweenF and ‘fi_o.

A5 we have shown earlier the nuclear dipole make only certain
definite angles with By,  Therefore, therc will be only disceete
values of potemtial energy available to the aipole.

The potential energy U of a magnetic dipole of moment ’ﬁ in a

magnetic field .I'I-o, apart from an additive constant, is

U= ol = yd, (13)



U(m) in
units of O |

|
g ugHo, ms=—7%

FIG.(2) EMEKGY LEVEL DIAGIAN rUL A e -
WITE A NEGATIVE MAGLEIIC MOMENT Al PIT 1 «
SHOWING SCHEMATICALLY THE ABSUIFI.UL v A
QUANTUN OF FADIATION WHICH ILDLCE 4
TRANSITION BETWREL 4 PAlh vr ACACET |

BANDS SPLIT BY A MAG.r .. indl .



If a2 mucleus is in a state m this cnergy will be
e ‘
Uy = 8 (zy3) nH (14)
Since m can take the values m =1, I-l, *** ~I & mucleus in a magnetic

field has 2I+41 energy levels accessible to it.

(5) Absorption of Imergy

It has been shown in the previous section that a nuclear dipole

in a parely magnetic field has 2I+1 energy levels accessible to it
by virtue of its interaction with that field. The energy difference
between two such levels is given by

AU =U@")-I@) = mH, @) (15)
It is apparent that the energy levels rust be evenly spaced.
Transitions are possible bvetween these energy levels providing the
selection rule Lm=*1 is satisfieds Such a transition is accompanied
by either absorption of emission of a quantum of radiation of cnergy

} woray (6)
Substituting equation (15) for the case “m~ 1 into (10) gives as the
frequency for the radlation ahbsorbed or emitted
| Wo = =g (z4r3) H,

which is precisely the Larmor precession frequency given by equation (12)

Since u, = (r-ﬁk-‘-é) equation (R) transforms into

g ETE | (27)
From equation (6) we get the result
h\l =: 1—”":;[1-0 (18)

For protons in a magnetic field of 10,000 gauss, \).;,‘:42'6‘;( 106 rsec":L

which is in the radio frequency range.
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If one subjects & sample containing muclear magnets to radiation
of the Larmor frequency, which is of the order of a few megacycles/sec
in ordinary laboratory fields, & nucleus in a lower energy state may absorb
a quahntum of energy and make a tramsition to the next higher energy |
state. If the frequemcy is not at the Larmor precession frequency no
absorption will occur, This ~bsorption is called the resonance

phenomenon .

6 teraction of the Kuclear Electric drupole Moment with

en Electric Field ient ‘

It has been shown in section(l) that a mucleus of spin I and
magnetic momentﬁ placed in a cohstant uniform magnetic field H, has
21 1 Zeeman levels with a constant enewgy difference 'ﬁ‘cf-\’zﬁo/l
The 2I transitions between adjacent levels (Am=ZY1) all correspond to
a 8ingle resonance fregquency \)ﬁ, giving rise to a single absorption line.

If the nucleus in question has I>% it may also have an
electric quadrupole moment which can interact with an electric field
gradient, caused by a non-stherical charge distribution outside the
nucleus, to produce a dependence of the electrostatic emergy of the
system on nuclear orientation., Pound(14) bas shown that the effect of
this second interaction is that each of the Zeemamn levels is shifted,
and the single absorption line of frequency Vo is split into 2I
conponents. In the case that the quadrupole coupling energy is small
compared to the magnetic coupling energy, Pound hag shown that first
order perturbation theory gives for the frequency of the transition

between the perturbed Zeeman levels m and m=l the value



\ ' 9
N = Vi 282l Gy a9
where ¢§"z' is the second derivetive of the electrostatic potential at
the site of the nucleus in question, the z' direction colneiding with
that of the constent magnetic field H, and the sign is to be chosen
opposite to the sign of the nuclear gyromagmetic ratio. It is easily
seen from equation (19) thet in this first orderspproximation the
t.wo‘ruonance frequencies \)(me'm-l) and V (-(p-l)é—‘)-n)) lie equally
spaced on opposite sides of Vo, the frequency difference between them
being given by twice their separation from the unperturbed line Vo

If the orlentation of the trystak is varied with respect to the
constant magnetic field H, the value of ¢s'z' aiong Hy will vary, and
the observed splitting will be a function of crystal orientation,

Let eq denote the value of (k'z' for that partieulsr crystel wnich
glves the greatest splitting. The equation (19) may be written
in the form ,

VeearD=Nt #8, R L7 @)
Here the first factor depends on the spin I of the nucleus and on the
particular componezits of the linebeing investigated, the second factor
o8 the so-called quadrupole coupling constant, and the third
dimensionless factor of abéoilut value not exceeding u_nity depends on
the orientationd the crystal in the magnetic field. -

The electric quadmpole interactlon may be sufficiently strong
that first order perturbation theory is inadequate, and second order
perturbation theory mist be used. The expression for the frequency
shift vhen it is necessary.to consider the perturbation to the second

order, will not be reproduced here. However, although the expression



is much more complicated tham the [irst order result, it is similar

in that it contains e mumber of terms involving the spin end particular
components of the line being investigated, the quadiupole coupling constant
end factors which depend on the orientation of the crystal in the

magnetic field, Second order theory predicﬁs that the central

Mrewill also shift in frequency.


http:l.imvi.11

2\

T2




Apparatus

{1) Yegnet

The most essential piece of apparatus for muclear magnetic
resonance experiments is a large magnet capable of producing a highly
uniform and highly ctebilized magnetic field., A suitable electromagnet
was salvaged from a discarded mass spectrometer., New pole pieces
for the umagnet were carefully ground in order to get a more uniform
field and the gap was set at one inch.

The two coils for the magnet each consist of 20,000‘b§zm8 of
#26 formex me(r.et wire, Sheet copper wes wrapped aroun the megnet
colls ard copper tubing wes soldered to the sheeting, Cold water
- was forced through the copper tubing exd the resultant cooling made
it possible to operate the megnet at slipghtly higher field strength

without damage to the coils from overheatinge.

(2) Magnet Fower Supply
An unstabilized magnet current suprly was also salvaged from

the discarded mass spectrometer. This is shown in figure (3). It
consists of a 1,500 volt Hammond power transformer with a variac in
the primery circuit to control the outpute Full wave rect.ifiogtion
" ie provided by two 866-A mercury vapor tubes and the d.c. output is
smoothed by & speciel high voltage choke amd high voliage condensers
connected to make a W filter. It is capable of supplying approximately

50C mse at 170C volts.



http:volta.ee

o— MAGNET
MAGNET
SUPPLY --;-_
<
Rig
s
R|4 R|3 M2
o
P
AC.
M,
AMPLIFIER
R,
D.C.
Ry 13V AMPLIFIER
+|—
L

ADDING‘]

CIRCUIT

—————

Fige (10)



O+3oov.

Fig. (5)



g31 Stabiliging Circuit for the Mamet supply

{a) Ceneral Circuit

A block diagram of this circuit is shown in figure (4).
It consists of five 6B4 séries control tuabes in parallel, D.C. and A.C,
error amplifiers convert changes in the voltage across resistors Rl and
R2 into error signals which are fed degeneratively orto the grids
of the 6B4 control tubes, These signals are of the correct
magnitude and phase to eorrect to a high degree any change in the

magnet current.

b c ifi

The conventional form of D.C, amplifier possesses certain
disadvanteges. Since the grid of any tube is connected directly to
the plate of the preceding tube, the number of tubes in the circuit is
severely limlted. The amplification :s also limited due to the d::rfger
“of cutting the last tnbe off with large swings of potential. Also
since the characteristics of radio tubes change with time, serious
drifting is cauced in the amplified signals,

Since these disadvantages are abéent in an A.C, amplifier, ‘lLis
type of amplifier is used in this circuit. It converts the D.C. error
into an A.C. Bignal, amplifies it and converts it back to & D.C.
correction signal, This circuit is shown in figure €5}). The megnet
curren£ passes through the resistors Rl and R2, A flashlight ﬁattezy
is connected in the circuit in such a way as to oppose the potential
from the tap on R2 so that when the correct currént i flowing the

potential at the chopper V1 is zero. If the current clange slightly


http:con"E'.ct

+300VOLTS.

;

Fig. (6)



13

the potential at V1 becomes different from zero. The chopper V1
converts this D.”. potential to a &0cycle/sec square wave which is
anplified in the following three stage amplifier., The amplitude of
the &0cycle/sec square wave 8ig is proportional to theeror in the
currente The amplified square wave is converted into a D.C. error
sigrnal by a second chopper V2, which is connected so that it operates
a8 a phase sensitive rectifier, The filtered De.Ce error signel is
fed through the adding circuit (fig.4) onto the grids of the series
control tubes(T6 and T7). This changes the magnet current which
flows through the serles control tubes, which then makes the potential
at V1(fig.5) retiirn to sero. A ten turn Helipot R2 is used to obtain
fine adjustment of the magnet current. Condensgers C2 and C/ are
added to eliminate high frequency spikes on the square waves. They

affect very little the shape and phase of the rquare waves,

c) A.C lifier

Since the choprers operate at 60cycles/sec, the D.C, amplifier
will -nly respond to dhange of the order of a tﬂirtieth,of a sccond.
To compensate for rapid changes and random pulses in the nagnet
current an A,C, amplifier wes tuilt. This is chown in figure (6)
This ig seen to be a simple two stage amplifier and needs no IJurither

descriptiam,

d) Add ci
The output from the two amplifiere just described are fed irto

an addingcireuit .shown in figure (7).  Cathode followers are used
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to couple the ampli{iers to the adding stage because of their good
;eccupling properties in the reverse direction. The error eignals
are added together at the grid of tube T, and the composite signal

is amplified and fed to the series control tubes through & cathode
follower T5. This cathode follower is connected between + 300 and
~300 Volts in order to provide a wide range of pitential available for
large correction signels. Grid stopping resistors are used in the five
series cortrol tubes to reducc eny tendeney for oscillations to start,
Small value resistors are uced in the rlates of the control tubes to
to equalize the current through the tives. T2 is an extra input tube
which it not being ufed at present buthas bLeen Wilt in for future

use with proton stabilizeation,

(e) Stabilized Power Supply for the Error Amplifiers and

Circuit

This supply is shown in figure(8). It conslsic of two separate
supplies mounted on the same chegis, one supply giving <= 300 volts the
other =30C volts. Both of these gupnlies are of tne degenerative type
Thes: comperison voliage 1s provided by the VR 150(T4 and T8) tubes,
connected to the stabilized side of the supplys FPart ol the screcu
potentizl of pentode T3 comes from the unregulated side of the supply.
This part may be regarded as a small forward acting componcut of the
screén potestial which effectively increases the stabilization ratio
1o a large degree.  fny ripple component which is simusoidel can be
easily eliminated tlis way. The connection of plate loml resistors

to the wistabilized side of the supply is no disadvantage for a
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pentode, but isstead improves the stabilization due to the larger
range of voltege provided., The filament supply for the 4, C. and
DeCe amplifiers is direct curient obtained from the 300 volts by

100 watt voltage dropping resistors.

(£) laenet ideld Zurreat Calibration.

The graph giving the magxietic field for a given current'

peesing through the coils in parallecl, is shown in figure (9).

{4[ Qg-[ Oscillating Detector

The oscillating detector, figure (10) which has been built
is of the Pouhd and Knight tybe (1) and consists essentially of a
- radio froquency coil in which the sample is placed, Both are then
munted in a strong uniform magnetic field with the axis of the eoil
perpendicular to the magnetic field., The radio frequency eoil is
connected Ly means of a coaxirl cable parsllel with a variable
- condenser to form a shunt resonant circuit.

Oscillations are just barely maintained in this resonant
circuit by = cathode coupled oscillator, so that the r.f. level is
very sensitive to power losscs in the tank coil of the oscillator.

The r.f. level is kept very low by the combination of s variable
cathode bias and vaxrdable grid biss on Tl. The sensitivity of the
cdrcuit is dependent on the level of oscillation and is most sensitive.
at the oseillation threshold, | ,

The r.{, i8 amplified by a broad bemd r.f. smplifier(T3 and T4)

~ and detected by two detector tubes(T5 and T6). The audio sicnal

from the first detector T6 is further amplified by two audio atages

T



Fig. (11}
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' before being sent to the phase-sensitive detector. The dther détector
15 forms part of an antomatic v&.h_me control eircult and is coupled

- through s fﬂ.ter circuit to the nermally grouded grid of the oscilliator
 tube Tl. - The filteroa d.ce signal from this detector 18 proport.ional
to the r.f. level, and because of the a.v.c. (T5), the rof. level

1% maintained at a constant predetermined valme as the froquency is
varied, | | |

b} Power Su ' o Detector .

Since the opcdllating detector 1s operated‘ at very low legels
of oseillation, it is very sensitive to any stray oscillating electric
" or magnetioc fields and to ehanges in the'éupply voltage. It is
.. esgsential, therefore, to have an extremely well stabilized poﬁex:

: ,.gupply. Aso the filaments of the tubes ‘should be operated on
de.c. current to burther minimize strey pd.ck-up; Batteries were tried
‘&t first for the fnamenu’dmt, they proved unsatiefactory, because first,
the ’Iérge current drain necisaitated I‘requaﬁt recharging, and seocond,
the potential of the batteries kept cbanging cauging the r.f., level

to arit‘t. -

The power supply shown in figure(1l) makes use of a 6SL7(Ty)

as a difference amplifier. This type of amplifier is used because if
" the mzxrent through both halves of the btube are equal, the variation
of amplif:.cation due to a chango in filsment temperature is negligible

The reference voltage is supplied by a VR 105 (Tg) which bas
the best characteristics of the VR series. The current for the VRIO5

is taken from the stabilized aide of the power supply to emsure stable



Fig (12) A proton signel in minersl oil photographed

from en oscilloscope screen.
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muw. ‘ S'inca the VR tubea have high a.é:. resistam:e; a 0.1 mfd ;

oondenm is ooan%ctad in parallel wvith it to bypass the a.ce.

A

#1 ., Tbe power 1s sumﬂ.ied by & full wave rectifier using two

&

5U4 recti.fier tabes (1 and T2), smothed in a ' filter and controlled
bv Wo 6&3’7 tubea(TB and T4) in parsllel. The doubling of the tubes
x.le neeeuary becanse of the large aurrent to be uuppliad, ]& ma for

the filmenta of “theé oscd.llating detector. This current is obtedned

-rron the xo volt supply by dropping the voltage acroes two ‘750 ohm

o mo i-tt resistors (B and Ragde % e for the °3°M8 detector

: and 75 nik for the phase sensitive detector.

etic Field on
S:uxco the resonance signals are of the me order of mgm.mde
Cam 'hhe no:ue, sve@thing possible mst be done make the signal -
Wou&o If one simply varied the frequendy through the resocnance: -

cond.ttion oite would have to detact a single very ssall change in the r.f.
__j'f‘*;mei. Tt weuld be very difficult to plok out this one particuler

Qm&ll clmnge in the r.f. legel from the random changes due to the
misze. Bowever, if one were to swoep back and forth at a oonstant

 audio frequency throtigh the resonance condition, 1t would be relatively ..

;"'-

dmple 7% pick out tﬁe signal, which would be repetltive at & known |
frqaency, trom the random noise, Also this taecbnique has aeveral

p.'actical qdvmtegaa. !‘irat, the muclear resonance s:.gnal wvill now :‘ '

appeaz a8, m‘l mdia moduhtibn on an r.f, ocarrier so thad: standard
mﬂio circuit epn be used to handle the signal, Second, after the
detec;‘ba' ctage a narrow band audio amplifier can be used vhich greatly

BTN
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A .
T “
7 Sy b
ko
bt
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*

K
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improvea the signal to noiee ratio ) | ' o ,;4
The Tesonance condition can be made repetitive by nodulat;\.ng
the magnetic field, In the spectrometer described in this thesis
the magnetic field is modulated by the magnetic field produced by
an &sCo current passing through Felm!wltv coilse Thege coils are
mounted with ‘their axis parallel to the static magnetic lines of force
rpoduced by the electmmagnet, " The r.f. coil of the oseillatlng
, detec‘bor is placed at the geometrical center of the Helmholtz coils.
If the puclear resonance signal is s'omngﬂand :elat.ively
nerrow it can be observed directly on the oacilléﬁope. This is‘A -
usually dope by modulating the magnetic field sinusoidally at a
frequency of 60cyclés/sec and at an amplitude several times the
width Qf‘ the mueclear resonance signal. The hOri_mﬁul sweep of .
the oscilloscope 18 driven Ly the same signal that modulates the '
magnetic field. As an example, a proton sigunal from minerel oil with
the conditions describod above is showm in figure (12) Note
that the signal is doubled because the occilloscope plots the signsl
on both 'c.he ‘backward and fomu'd sWeep. The wiggles have been e_xplained
:by .Iacoﬁson and Wangness (16).’ '
i If it is des:.red that the aignal should be automatically
plotted on a' rmrﬂor & differem. pmce&ure met be used 'because
| _orchnar:y reconde;‘s h.ave too large an inertia to respond to an andio
sw with a fr;qnoncx of 60cyclés/§e§.. This p’rbcedure to be
deser:.bed below, has the additional advantage ihat it rem.lts in a
bvery nerrow bandwidth 80 the.t the signal to noise: ratio 1a ‘much
better. Thus weak signals that cannot -be observed at all on the

: ‘4“5 :
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oscilloscope will appear very clearly on the recorder chart, In .
this method the modulation amplitide on the magnetic field is reduced
to less than hglf the width of the nuclear resonance signal to be |
reoorded ard the frequency of the oscillating detector is slowly
varied through tke .resonance condition. " As the frequency of the
oscillating detector is drivem tkL*oﬁgh the resonance condition the
r.f. output from the oscillator is modulated, at the audio i“requen'cy
of the magnetic field modulatior, with an amplitude nearly proportional
to the slope of the absorption curve. Thie can easily be understood
by examining the diegrams in figure (13). The first two diegram
illustrate the modulation effect on the slope of the absorptian pesk,
the signal increesing in amplitude from gero to a maximunm at the
inflection point on the curve and decreasing to zero at the pesk of the
curve, The third diegram illustrates what happens when the peak is
passed, it changes phase,

Before it can be plotted on the recorder this a,c. signal must
be converted to a d.c. 8ignal. This is accompliahed by the phase-
sensitive detector which not only converts the a.c. to & d.c. signal
But also preserves ehanges in phase. If the modulation amplitude
is not too large tane output from the phase-sensitive detector is to
a firgt approximation ﬁoportional to the first deﬁvative of the
absorption curve., The output from the phasec—-sensitive detectoz; is
filtered and them plotted on an Esterline-Angus recorder. An e xmmple

of signals recorded in this way is shown in figure (14)
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Fige(14) Section of recorder chart showing
an absorption pesk



Fig 15



' {3) (b) Phase-Senpitdve Detector
" The phose-sensitive detector showrn in figure (15) is based

on a design by N.A.Shnster‘(17). The circuit works as follows.
The reference 8ignal from the audio oscillator, & Fewlett~Packard
type 200 AB Andio Oscillator, is fed,through a cathode follower Tp,
a phase shift network and an amplifier T3 to the grids of the 6SK7
double triode T, and T5. The reference signals appearing at the grids
of the triodes T4 and T5 are 180° out of phase andllarge enough to cut
them off alternately, The grid resistors limit the grid potential
'to a smell positive value relﬁtive % the cathode, The plate
resistance of each section of the 687 is about 7,000 olms and small
compared to the 1 megohm value for the 6SH7 T6 and'may therefore be
neglecteds The double triode is therefore, just a switck. The signal
rlus nolse from the oscillating detector comes onto the grid of the
6SH7. The switching action of the double triode rectifies the a.c.
gignals to provide a d.c. output which is plotted on & recording
milliameter. When the output changes phasé at the pesk of the
absorption eignal (figure (13)) the polarity of the d.c. output from
the switch reverses. The random noise is not rectified and due to
the long time constant of the R.C. circuit following mach of it is
averaged out, The cathode followers are necessary to drive the pen
of the recording milliéﬁeter because of the high resistance of Rl9’
Rags Fays and Rpp.

This phase-sensitive detector possesses certain advantages over

other types of circuits used., In others the switohing f{requency is
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mixed with the signal plus noise giving interference. In this type
the switching aiénal is in its own closed loop and cammot possibly
interfere with the weak resonance signals. The signal is fed into &
balanced dfrcuit s§ that any variation of the tube parametears will

cause little effect on the output; The only resistors which would have
any effeét on the balance of the circuit due to temperature chunges

are Ry, Ryy, and Rype Ry énd Ry aré precision wire-wound and

R12 is a wire-wound potentiometer,.

(6) huclear Magmetic Resonance Spectrometer.

Figure (16) showe the complete rnucleer magnetic reconance
srectrometer, The mocdulating coils are foé from the audic oscillator
through an emplifier, The comunications receiver is not attached to
ﬁhe oscillating detector and the frequency meter but picks up the r.f.
transmitted by these two irnstruments and combines thom to.give ihe
beat note.

Figure (17) is a photograph of the oscillating detector.

One of the Helmholtsz coils has been removed fron the detector head to
show the tank coil of the oscillator.

Figere (18) is e& photograph of the spparstus, The oscilleting
"detector is hidden behind tbe magnet on the right of the picture end the
snychronous motor and gesr train in the center. The audio oscillator.
amrlifier, phase-sensitive detector and pover supvrly are in tre r1ack

in the center>;f the pieture and the frequency, oscilloscope ard

recording 1 illiameter ir the rack on the left of the picture,
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Fig. (17)



Fig. (18)



C1 C2
CHy

L I
S1 82
T1 T2
TRy

TRy

TRy
CH2

Parts 1list figure j}l

2 /mfd 3000 volt oil filled.

Hammond 20V500 choke
5 amp 250 volt fuse.
owatt 120 volt lamp
SPST toggle switch.,
866-4/866 mercury vapor rectifier.
General Redio type 200C Variac.
Hammond Flate Tranaformer
Frimary 125-115-90-0 volts
Secondary 1500-1250-0 volts 500 na.
Hammond high voltage transformer 1166X60.

Hammond 10V500 choke.
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Parts list figure (5)

C1 *l mfd paper

c2 *001 mfd paper

Cs & mfd electrolytic

C, 001 mfd paper

Cs 8 nfd electrolytic

C¢ Gy Cg C9 16 nfe electrolytic
10611012 1 nfd paper.

Ci3 +5 mfd paper

€14C15C16C17 100 mfd electrolytic
M 1-0-1 ma umeter .

iy 40 ohm 10 watt

Ro 10 Kohm w.w.‘ "Helipot"

k3 47 Kohm dwett

k; Rg Ry Iy 1 legoam petentiometer
Ry 33 Fohm 2watt Ohmite

Rg H1p 22 lLohm % watt

A11R12 1 legolm 1 watt
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R13R14R15 33 Kohm 1 watt
R1s 22 Kohm 1 watt
Ri7fi1g 1 liegohm ¥ watt
Rjg 15 Megohm 4 watt
Rag 50 kohm 10 watt
Ry 75 Kohn 10 watt
Roo 6 Kohm 10 watt
Fp3 3 Kohm 10 watt
Boy 1 XKohm 10 watt

Ros 10 rLohm potentiometer w.w.
S DPST toggle switch
Ty Tp T3 128H7

Ty LéJS

Vi Va2 chopfer

(Leeds and Notthrup.)




Parts list (fipuire ()

1 wfed parer

[}

16 mfd 450 volt electrolytic.
10 mfd 25 voli electrolytic.
C+1 wfd paper.

¢+5 rfd paper.

25 wmfd 25 woli electrolyticﬂ
C*1l mfd paper.

L tegohm 1 watt

470 Kohm ) watt,

10 Yohm 1 watt,

100 trolm 1 wati,

17 Koum 1 watt,

1 tegonm liresr potentiometar, corbon,
L7 tohun 1 watt, ' |

18 Yohm 1 watt,

'~

3
t
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Parts list figure (7)

Ml 0-500 ma meter
Mp 0-100 volts meter
M3— 0-300 volts nmeter

R) Rp R3 1 Megohm 1 watt

H4 R5 Rg  50C Kohm precision 1% w.w.

Ry Rg Ry 100 Kohm precision 1% w.w.

RipR1y 100 Kohm 1 watt carbon.

Ryo 100 Kohm General Hadio potentiometer w.w.
RigRy, 1000 ohm 1 watt

Ry15R36 100 ohm 10 watt w.w.

Ryny 4500 ohm 400 watt Cenco potentiometer

© 81 52 SPDT toggle switch,

Ty T2 T3 4 12 SL7
T4 Ts 1235
Te T 6BS,.
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Iarts List figure (8)

C1 10 mfd 600 volt oil filled R
C2 20 nfd 600 volt oil filled Ry3
03 10 mfd 600 volt oil filled Ry

C, 16 mfd 450 volt electrolytic Rig

Cs 0+1 mfd paper Rys
CH; Hammond # 10-200 Ryo
CHp,  Hamrond 7 158 Rg
r 5 amp 250 volt fuse R19
Fil] filaments of the adding S
cireuit, 1 Ty

Filp filaments of D.C. amplifier Ty

L 6 watt 12C volt lemp Ty
M 0-~200 ma reter T4 Tg
Fy 500 Koam 1 watt Te
Rp 500 Kohm 1 watt Ty
R, 100 Kohm 1lO0watt w.w. TRy
RA 50 Kohm potentiometer w.w.

R5 100 Kohm 10watt wewe

Ry, 100 Kohm 10 watts w.w.

Ry 50 Kohm i:otentiometer VeWe

Rg 100 kohm 10 watts w.w.

Rg 15 Kohm 20 watts

RipR31 750 ohm 100 watis wewe TEp
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500 Kohm 1 watt
10 Kohm 1 watt
500 Kohm 1 watt
500 Kohm 1 watt
15 X¥ohm 20 watt
100 Kohm 10 watt w.vw.
50 Kohm poteﬁtiometer WeWe
100 Kohm 10 watt w.w.
SEST toggle switceh
504G
3 63/ ih parallel
12587
VR 150
6AGT
65K7
Hamrond special #20539
Primary 1l15volts 170watts
35 cycles
Secondary 5volts 3amps
6+ 3volts 2amps
6+3volts Lamps
400=~0-0~400 volts 200 ma

Hammond 275%X60




Farts list fisure (10)

C1 0=R50 mmfd varlable condensor

Co 63 0+01 wfd peper
€ 2 mfd metallized
Cs ¢ mfd electrolytic
Co 50 rfd 25 VDC electrolytic
Gy Cg 0.01 mfd paper
Cg C30C11C12 0.0l mfd paper
C13C1, C.001 mfd mica
C15C16C17 0.01 nfd paper
Cqg < mfd+0.01 mfd paper
C1g 0.1 mid paper
Coo 0.001 mfd mica
Cp1; 0425 mfd paper
Caz 50 mfd 25VDC electrolytic
C23 3 mfd electrolytic
I Ly L, r.f. pesking coil
0 turns #26 BandS wound on
Bakelite rods.
Ly Chrmite 2-14 r.f. choke
Ry 1000 ohm 1 watt
Ro 3 j.ochm 1 watt
k3 R, R, 2 Kohm 1 watt
Rg 3 kohm 1 watt
Ry Bg 5 bLohm 1 watt
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Rg 10 XKohm 1 watt
Rjg 25 ohm 1 watt
Ry 3.5 Kohm 1 watt
Rjp 150 obm 1 watt
Ri3 300 oim 1 watt
HlA 500 ohm potentiometer w.w.
R1s 1250 ohm 10 watt wew.
R14 25 ohm 1 watt
F17 1000 ohm 1 watt
Rjg 180 ohm 1 watt
Rjg 20 Kohm 1 watt
Bpgp 180 ohm 1 watt
Rpy 860 ohm 1 watt
Rop 470 ohm 1 watt
R2BRQA 470 hotm 1 watt
iips 1000 ohm potentiometer w.we.
lipg 33 Kohm 10 watt w.w.
Ry 3 Kohm 1 watt
Ryg 22 Kohm 1 watt
Rpg 100 Kohm 1 watt
hyp 10 kohm 1 watt
B3y 56 Hohm 1 watt
Ryp 22 K ohm 1 watt
R33 0.1 Megohm potentiometer



Farts list figure (10) (cont.}

R37 250 Kohm 1 watt

S | kMallory 11 point rotary switch
S DPST toggle switch

Ty 12407

To VR 150

Ts Tg 4+ 12415
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Parts 1ist figure (11)

C1 4 mfd 600 volts oil. By,  2.25 Kohm 1 watt

C; 30 mfd 600 volts oil, Rp3Rp; 750 ohm 100 watt wews
€3 C4 G5 0.l mfd paper By 5 Kohm 20 watt w.w.
Ce, 8 nfd electrolytic, Ty Tp 5U4

CH Hammond 10X300 choke T3 T; 6AS7

F 5 amp 250 volt fuse - Ts 65J7

I; 6 watt 120 volt lamp. Tg, VR 105

I 6 volt lamp Ty 6sL7

My 0-3D volt meter T8 VR 105

M, 0=300 ma meter. Tg VR 75

By Rp Ra .RL 100 obm 10 watt w.w. TRy Hammond power transformer #7115
Rg Ry Ry Rg 100 ohm 10 watt wew. TRy Hammond transformer #165

Rg BygRyyRyp 1000 ohm 1 watt TR, " " 1128
Ry 500 Kobm 1 watt TR, " n #1678
Ry, 10 Kohm 10watt w.w. TR, y " #1678
Bis 15 Kohm 10 watt w.w. TR¢ n " HACTE

Rj6R7R1g 500 Kohm 1 watt

R1g 200 Kobm precision 1% wew.
Ryg 10 Kohm potentiometer w.w.
Ry; 100 Kohr precision 19 WeWe
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Parts list figure (15)(16)

25 mfd 25 volt electrolytic
0.01 mfd paper
0.05 mfd paper
2 mfd paper
€ mfd electrolytic
40 mfd electrolytic
2 nfd paper
0.1 mfd peper
0425 mfd paper
0.5 mfd psper
1 mfd paper
2 mfd paper
8 nfd oil
1 Megohm linear pot.
4e5 Kohm 10 watt weve.
270 ohm 1 watt.
1.5 Kohm 1 watt
250 Kohm potentiometer
47 Xohm 1 watt
470 Kohm 1 watt
1.5 XKohm 1 watt
50 Kohm precision w.w.
20 Lohm 1 watt
50 Kohm 1 watt
5 ¥Xohm 1 watt

Rl5 330 Kohm potentiometerw.w.
Rye 800 ohm 1 watt

Rj7R18 220 Kohm 1 watt
RygRopRo1Ry 470 Kohm 1 watt

RasRpy 5 Zohm 20 watt w.w.

R25 General Radio potentiometer
20 Kohm w.w,

S PPDT toggle switch

S rallory & point switch

Ty 6V6

To 65

T, 6CZ

T, 687

Ty 63NT

6 6SH7

7 6517

TRy Femmond transformer 1618
Tho Hammond tramsformer #333

THB Hammond transformer /933



Experirental Procedure

The procedure to be followed when using this spectrometer to
peesure the nucleer megnetie reeonance sbsorption spectrum in =
crystal can be described briefly. The cryctal, fastened to a mount,
is suspended in the tenk coil of the oscillating detecter., This tenk
coil figure (10) it wvill be remembered, is mcunted in the gap of the
electromagnet, The magnet power supply and other electronic equirment
isg turned or and given time to warm up to its operating temperature,
The aprroxirate frequency at wihich the sigmals will be found for a
perticular ruclecr species can be quickly calculated by using'equation
(18) with the value of tne field strength ottained from the calitration
curve figure (S), and the value for the ragnetic moment and spin for
the nucleus in guection. The magnetic rovents end spin for various
nuclesr species are available in seversl tables such ms that by lack(18).

The tuning condenser in the oscillating detector is adjusted
¢ that ithe oscillation frequency is higher than the caleulated
roeonance frequency.  The frequency of the oscillating detector is
then slowly driven through tle interesting rerion by nesns of a
s;nchronous motor coupled to the variable condeuser by & train of
reduction geersg, rrequency nerkers are made at intervals on the
cliart so that by interpolation oue can obtain the frequency of any
signals that appear.

Frequercy measurerents ere made by sintlibaneously plcking up

the wiknovn frequency and a known {requericy on a llallicrefters type

-1
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SX—=24A receiver and then adjusting the knpwn frequency to give
zero beat., A General Radio type G20-A letercdyne frequency metler
is used to produce the known frequency.

Sone of the reoultis to Lo described later were obteined with
the crystal at various temperaturce. A stresw of cold gas, procuced
by boiling liquid oxyger in a three litre dewar flask, wes used to
cool the crystal. The cold o:gen pessel through a heat—iﬁsulated
glass tube, held in place by a ctyrofoer stopper in the neck of the
vacuun flask, and then flowed over the crystal, The rate of Yoiling
was controlled by the current through a small immersion heater
consisting of a coil of niclrome wire, Temperztures as lov as
-100°C were easily obtained in this manner.

The high temperstwre results wcre obtained by suspending
the crystal in a hot oil bathe A 100 ml. Ilask wac prepared by
winding a coil with thirly turns of copper wire on its neck and
scverel turns of nichrome wire, to be used as & heater eround itis
base. The enrtire flask wes then covered with asbestos for heat
insulation and to hold the two coils in place. The flask, partially
filled with relting-point oil, was then mounted so that its neck ,
with the thirty turm coill, occupied the region in the magnetic field
nornally occupied by the tank coil of the oscillating detector,

In this case the coil on the neck of the fla-l wes used as the tark
coil. The crystal was then lowered down the neck o1 the flask until,
immersed in the hot oil, it was located in the center of the tank coil.
The temperature wes controlled by the current through the richrome

heater. Temperatures as hirh as 300°C were obtained in this



manner,
The tempereture of the crystels was measured in each case
with a copper-constantan thermocouple and & Leeds end Northrup

potentiometer.



Exrerimental Results and Discussion

Some experimental results have been obtained, although the
rajor part of this thesis has to do with the constiuction of the nuclear
magnetic resonance spectrométer which has elready been described.

The spectrometer was tested by obeserving signals in liquid and
in two cr; stals, spodunenc and sepphire, which have already been
examined by other workers, The electric quadrupole aplitting of the
A127 signal in sapphire has been studied s a function of terperature
end the results are given in this thesis., Irn addition, at the request
of Ir. E. E, Petch a brief search was rade for the 3l and Ne2>
signals in colemanite ard socdium dihydrogen phosplate respectively.

In liquid samplec, signals from the following nuclei have been
observed on the oscilloscope: Hl, Li7, A127, and ™9 in water and
mineral oil, aqueous solution of LiCl, aqueous solution of AlCl;, and
fluorobenzene respectively. The sigrals from solid samples are
usually too small to be observed on the oscilloscope, but for one
orientation of a large crystal of spodumene a signal from Li7 W&S

clearly observed. <ignals from Li7, A127, Na23 and B11

in single
crystals of spocdumene, artificial sepphire, socdium dihydrogen phosphate,
and colemanite respectively have been recorded.

Spodumene, sapphire, sodium dihydrogen phosphate and colemanite
are all non-igotropic so that ome expects that there will be a
non~vanishing electric field gradient at the miclear sites., Therefore
each nuclear resonance absorption signal is likely to be gplit into

its 2I components., The number of sets of 2I comporents will depend
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Fig, (20)



Fige (22)



Fig.(23) Spectrum of Ne > in sodium dikhydrogen
phosphate.
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on the number of non-equivalent positions thst the nuclel of the type
under consideration, occupy in the unit cell of the crystal. Single
crystals are used soc that the relative orientation with respect to the
magnetic field will be the same for =11 scctions of the cryctal,

The spin of A127 is 5/2 so that there are 2I=5 possible
trensitions between the energy levels available to any one nucleus,
Therefore five lines should aprear for each ron-equivalent Al site in
the unit cell A103. Since only five lires were found 211 the Al sites
in Alp03 mist be squivalent.  Similarly a1l the Li’ sites in the unit
cell of the spodumene crystal must be equivalent becauee only three
signels due to 147 (I=3/2) were found, These are not new results
but have been included since they show one of the uses of a nuclear
magnetic resonance spectrometer., [irure (20) shous a signsl obtained
from a spodumene crystal a&boving the three resonance éignals due to
Li7 Just barely.resolved.

A very complex spectrum was found in colerenite, Figures
(21) and (22) show the BYY signsls obtained in colemanite for two
different orientations of the colemanite crystal., The crystal ceme from
Death Valley, California, is many as 8ix lines were observed ut
this probably does not represent the complete plt spestrur.

A complex spectrum was also found for Na’ in Ralip PO, #1ip0
Tkis is shown in figure (23). This crystal was grown from en ‘
aqueous'solution by Mr, r. Holaj. ,

The complex spectra of 3 in colemsnite and Na23 in sodium
dihydrogen phoephete are extremely interesting and merit further werk.

The spins of Bl and ¥a®? are both 3/2 o there must be more than one
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"nor-equivalent position for both boron and codiwz in colemanite and
sodium dihydrogen phosphate respectively since nore lhan tiree lines

were observed for each. A couplete analysis ol the spect:o in each

(]

of these crystals will be needed to find out exsctly the ru.ter of
non=tuivalent positiona and the recletive orientation oi' tle zrinciple
axe: for the electric fleld rradient at each site. irurther worl: is
beiny; cone on these two crystals by the Solid State :1oun at

elircter Univereity.

Chanre of the De'xee of Jorielty &s 2 runction of Te.ncratwie in

3 O~ crvs

A convincing theory of ferroelectricity has ieen wWiilt by
Cegew(lY) around the assumption that tle de'rec of donicity 67
chemicel bords in cryste’s in a funetion of teuperature, ITow it
has been shovm by Townes and Daily(20) that tie clectric field
cracient ou a nuclear site 1s strongly dependent on ’.«.'l:e;(i}ar the
bending ic ionde or covalent in nature., They calculete that tic
electiic field gradient at a nuclear site will be ars e otely o
nuncred tine greater for covalert honding than for ionic Twomding,
Therefore the electric quadrupole coupling constant {or & given
nucleus depeacs stronsly or the tipe of bonding in wiich the atom,
to wideh the nmioleus belongs, is involveds luelear resonance
determinations of the electric quadrupole coupling counstants chould
be able to throw some light on whether }-'ir:;)au's assumption is correct.

- Al one particular orientation, that gave s large spiitting of

the 41°7 signal, the crystal was held fixed, Then the splitiing
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ol
of the a1°7 signal was measured while the crystal temperature was
neld at =200°2, 0°C and 300°C

the results are given in the following tatle;
£ y

Orientatlon Tew). Absorption peal's NMc,’sec

2nd _at, 1lst Set Center 1lst lat? 2:d Sat?

I 30°C 64575 6e235 Cell5 575 50759
=100°C .575 ek €115 5,073 L7858

TI 0°C (L5855 fe41 G117 5,016
0% (.18 (o343 (o117 5,90 7,749
300°¢ 6019 (o345 66112 £,917 Tl

00°C 64590 e340 6e11C 1,716
agmetic rield 2,570 11 pmucs
i the experiment perfowmed with ile ALXO,, the crystal was held
. . S 27

firnly in one oricrtation wiidle the frequancy of thie A1™' components
weie neasured at vorious tempersturec, A change in the type of
bonding woull have resulied in a shilting of these frequcucics,
Within our limitc of crrer (5 kessee) no saiiting wes detected.
Thereloreany clange in the degrec of iouieity of the bonus in A1pCy in
the temperaturc interval -120°C to 3«’3000 m3t be small, Lccause of
instrunental difiiculties these measx.trebments were not made as accurately
as tuey might have been, ~or this reasan it is { 1t that the experiue.nt
should be re_e-ted vith rove careful instrumentatiocn and over a largcr

teuperature rauge,
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