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ABSTRACT

Developing Improved Nuclear Magnetic Resonance Marginal Oscillator
Spectrometers for Advanced Teaching Laboratories. (December 1988)
Frank Phillip Willingham, A.S., Georgis Military College;

B.S., The United States Military Academy

Co-Chairs of Advisory Committee: Dr. Nelson M. Duller
Dr. Robert H. Benson

Three marginal oscillator circuits are evaluated in their signal-to-noise perfor-
mance in & complete nuclear magnetic resonance spectrometer. A circuit based on
the hybrid Darlington source follower is superior to the other two, a modified Don-
nally oscillator and an FET cascade oscillator. Also the hybrid Darlington circuit has
a voltage gain of 0.95 as compared, respectively, to 0.79 and 0.53 for the other two
circuits. A sensitive but easy to understand phase sensitive detector of original design
is presented as an integral part of the system, allowing simultaneous observation of
the Lorentzian absorption signal and its derivative. Another new development is an
external RF injection mode of operation of the marginal oscillators which permits
observation of easily saturated NMR lines. Using this system, the variation of proton
line widths in water as a function of the concentration of paramagnetic CuSOy in the
water is presented. Also a precise comparison of the gyromagnetic ratio of the F!?

nucleus to that of the proton yields 0.9409 = 0.0007.




it I WA PSSR IR A A L S T P Sy oot k. - ot A bR S DI = o

ACKNOWLEDGEMENTS

1 extend my heartfelt thanks to Dr. Nelson Duller, for without his help, encour-
agement and guidance this work would not have come to pass. To Ahmed, Chariar,
Jasson, Jim and Henry. Thanks for all your help, understanding and patience. Fi-
nally, to my wife Liz, who always had confidence in me, I acknowledge her untiring

support and love.

iv




TABLE OF CONTENTS

CHAPTER Page

I INTRODUCTION ... ittt iiiitinenenenncnnananenn. 1
I CLASSICAL THEORY OF NUCLEAR MAGNETIC RESONANCE AB-

SORPTION .. ittt i ittt tatssanreroenanonannn 2

A Introduction . . ......... .ottt it it e 2

B Magnetic Resonance Phenomenon . . . .................... 2

C Nuclear Magnetic Relaxation . .. ........................ 8

D TheBlochEquations . ...........coiitiirinenernrannnn 14

E The RF Susceptibilities and the Saturation Phenomenon . .. .. .. 18

Il EXPERIMENTAL APPARATUS . . ... ..ttt iiinnnnnses 24

A Imtroduction . .. .........ciiiiiiriiiiennnenronennnns 24

B The Modified Donnally Oscillator . . . ..................... 24

C The Hybrid Darlington Oscillator . . . ..................... 27

D The FET Cascade Oscillator . . . ..................cu... 29

E ThelsolationStage . .............. .. v, 29

F TheAudioAmplifier..............c.ooiiiiiiiiiiinnn. 29

G The Narrow-Band Amplifier........................... k)

H The Phase-Sensitive Detector System . . ................... 32

I ThePhaseShifter.............. .. it 35

J The RF Injection System . . ............. ... i, 36

IV EXPERIMENTAL RESULTS .. ..... ...t 39

A Introduction ............. ..ttt 39

B Signal-to-Noise Measurements . . . . .............c........ 39

C Proton Resonance Line Widths . . .. ..................... 40

D Gyromagnetic Ratio Measurements . . .. ................... 43

V. CONCLUSION .o ottt ettt ettt i i eaee e, 16

REFERENCES .. ... ..ttt ittt e ieanenan 47

2 U O AP 49

R



oooda AN NE AR A RE, RS el Wh R el N et e N T Mt ] B A Sl TR Wit W Toae

vi
LIST OF TABLES
Table _ Page
1 Marginal oscillator signal-to—noise tatic; (SNR) measurements. . . . . . .. 40
2 Observed absorption line width as a function of molarity. .. .. ....... 41
3 Ratio of the fluorine gyromagnetic ratio to that of the proton. . . . . . .. 45




Tl eE LA el @l W ITE R AW i

vii

F; LIST OF FIGURES
e . Figure ‘ Page
1 The relationship between 5,” in the fixed coordinate system and the

rotating coordinate system. . . ... ........................... 7
‘; 2 B,y in the rotating coordinate system. . . . . .................... 8
3 Spiraling path of precessing tip of magnetization vector M. . . . .. .. .. 9
4 Beatphemomemomof M,................. ... ... ... ... ... 10
3 A pictorial representation of the magnetization M fixed in the V' — 2
plane of the rotating frame. . .. .. ... ... ... ... ... .. . L 17
6 Block diagram of experimental apparatus. . . .. ............... ... 25
7 The modified Donnally oscillator circuit. . . . .. .................. 26
8 The magnet and coil assembly. . e 27
9 The hybrid Darlington oscillator circuit. . .. .. ... ......... ... ... 28
10 The FET cascade oscillator ciremit. . .. .. ....... ... ... ....... 30
11 The separate audio amplifier circuit. . . . ... ... ... ... ... ... .. ... 31
12 The narrow-band amplifier circuit. . .. .. ... ... ... ... .. .. .. .. . 32
13 The phase-sensitive detector circuit. . . .. .. .. .. ... ... ... .. ... 33
14 The differential amplifier circuit. . . ... ... .. ... L 34
13 The power amplifier circuit. . ... ......... ... ... ... ... 35
16 The phase shifter circuit. . . . ... ... ... ... L 37
17 The RF injection system. . . . ... .............. . ............. 38
18 Sample calibration plot. . . .. ... ... ... oo 42
19 Representative line widthplot. . . . ... ... ...... ... .. ... ..... 13
————— N .




CHAPTER 1

INTRODUCTION

Techniques for direct observation of nuclear magnetic resonance (NMR) absorp-
tion signals under the constraints of steady state conditions, equivalently slow or
“adiabatic” passage through resonance, are classifiable into three general categories:
the constant-current oscillator-absorption method first used by Rollins;! the marginal
oscillator pioneered by Pound and Knight? and refined by Robinson;® and the bridge |
method first used by Purcell, Torrey. and Pound* and later refined by Grivet, Soutif,
and Gabillard.® Of these three methods, the marginal oscillator is by far the sim-
plest in regard to frequency adjustment to match the Larmor precession of the nuclei
under study. The principal drawback of the original marginal oscillator has always
been the inherent difficulty of controlling the level of radio frequency power which
excites transitions in the nuclear sample. For students in advanced undergraduate
laboratories, who often use the marginal oscillator technique because of its simplicity
of design and construction, the problem is further compounded by the use of inex-
pensive student-built circuits. Though the circuit components normally used are of
high quality and the elementary circuits themselves are time-tested. the need for im-
proved sensitivity, stability. ease of use, and signal-to~noise ratio is apparent if the
student is to derive optimum results from his handiwork. The plan for the present
work included development of a series of marginal oscillators with improved design
and performance characteristics. The research presented here also had as a second
major objective the design and construction of all associated circuitry for the detec-
tion and amplification of the absorption signal for display on an oscilloscope and its

first derivative for display on an X-Y recorder.

The format of this thesis is that of the journal Physical Revicuw B.
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CHAPTER 11

%

CLASSICAL THEORY OF NUCLEAR
MAGNETIC RESONANCE ABSORPTION

A. Introduction

A development of the use of rotating coordinate systems to describe the phe-
nomenon of nuclear magnetic resonance and how macroscopic magnetization is ma-
nipulated by use of radio frequency (RF) fields is presented here. The analytical
results of this discussion are combined with phenomenological descriptions of mag-
netic relaxation to derive the well known Bloch equations.

The connection between the phenomenological Bloch equations and the RF sus-
ceptiblities x' and x" is then developed and some essential theory of nuclear magnetic

resonance absorption is presented.

B. Magnetic Resonance Phenomenon

Basic classical dynamics

When a magnetic dipole ji is placed in a magnetic field B. the result is that a

net torque 7 is exerted on the magnetic dipole described by the relation
F=jixB . (1)
The energy of a magnetic dipole in a B-field is given by the expression
Uj=-ji-B . (2)

Also. there is a linear relationship between the magnetic dipole moment i and the
angular momentum L. with the proportionality constant universally expressed as the

gyromagnetic ratio 3:

€

2m

g

=g fzﬁf . (3)
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where g is a constant characteristic of the nuclear species; e is the magnitude of the
charge of the proton; m is the mass of the proton; and I is the particle’s spin angular
momentum.

From classical mechanics, the key equation of motion of a dipole 4 in the magnetic
field B is

F=o= -tk (4)

Equating (1) and (4) yields
=ixB , (5)

which gives

- =#kx+yB . (6)

This equation can be shown to describe also the time variation of the expecta-
tion value of the magnetization in the quantum mechanical description. giving then
the proper equation of motion of the macroscopic magnetization vector M, which is
discussed and manipulated so often in the present exposition. The net macroscopic
magnetization M is related to the elementary dipole moment i by the quantum and
statistical mechanical averages of the operator jio, which represents & in the quan-
tum mechanical formalism. If N is the number of dipoles per unit volume, then
M= N{fiop:gpe - In this equation, M is the effective average of g per unit volume.
and it is this macroscopic vector field whose time variation (exclusive of relaxation
effects) is described by equation (6). Relaxation effects to be described later are not
included here. It is desirable to proceed with this equation to develop a valid picture
of the phenomenon of magnetic resonance of “free spins” (spins not interacting with

each other or the lattice). Equation (6) then becomes
—— =M« -)B' (7

in an inertial irame. It could be useful for some purposes to establish the precise
modification of equation (7) when the whole experimental apparatus rotates relative
to any inertial frame of reference. This modification will be derived in detail in the

next section.




Larmor precession

Consider two Cartesian coordinate systems, one fixed with respect to the labo-
ratory (the laboratory frame of reference) and one which is rotating relative to the
laboratory frame with an angular velocity & (the rotating frame of reference). Pro-
jecting the time variation of any vector Ainto a coordinate system rotating at angular

velocity & is done via the relation

d4 dA -
(-‘-l?) = (-Jt—) +W XA . (8)
LAB ROT

Thus equation (7) projected into a rotating coordinate system (replace A with M)

dt ROT dt LAB
M -
= (7) + M x
LAB

which by rearrangement of factors becomes

(d—f‘i) =ﬁ><~,(§+f) : (10)
dt Y
ROT

Defining the effective magnetic field as

becomes

=

X

€l

(9)

€,

| &y

Bejp=B - (11)

!

transforms (10) to precisely the form of (7):

M -
(d_d?{) =W x ‘)‘Beff . (12)
ROT

Fixing the magnetic field B along the Z-axis (B, = constant) and choosing the
angular velocity of the rotating frame to make B. 7f =0 yields

S =—kvB. . (13)

The important result is that if our rotating coordinate system is chosen to rotate

in a “left-handed” manner about the direction of B = kB. at the value « = ~B..




then the fixed magnetization in the rotating frame is necessarily precessing about the
laboratory Z-axis at the angular velocity given by & = —kv B, . This result illustrates
what is called Larmor precession® of the magnetization vector in the laboratory frame
of reference.

It is now appropriate to relax the assumption that the laboratory coordinate
system (in which the apparatus will be fixed) is not rotating relative to inertial space
and in fact assume that it is rotating at a rate denoted by Q relative to any inertial

frame. Using the subscript “I” to denote “as observed in inertial space,” we rewrite

Gﬂ)=ﬁxm. (14)
I

Applying the method of (8), gives

(%) =(%) XM (15)
71 LAB

By the same manipulation as that used to derive equation (10), one finds

(QE) =Hx7(§79) . (16)
dt )
LAB

This expression is quite general and provides the necessary modification of equation

equation (7):

(7) to take into account any rotation of the apparatus at angular velocity Q relative
to any inertial frame. Henceforth in all discussions of (%Z)LAB it will be proper
to include the effects of “absolute rotation™ of the laboratory (the apparatus) by
simply adding an effective magnetic field € /4 to the actual field that is applied in
the laboratory. (For ordinary laboratory work effects of the rotation of the laboratory

tied to the earth are negligible.)

Effects of a weak transverse rotating field

With the addition (to the fixed magnetic field kB.) of a magnetic field of am-
plitude B; which rotates in a left-handed sense at angular frequency w., about the

Z-axis of the laboratory frame

B (icosw.t - jsinw.t) (1N




the total B-field is

B = B, (icoswot — jsinwet) + kB, . (18)

In general, B will be of much smaller amplitude than B; in experiments of interest

here. Establishing & = —kw = —k'w , the equation of motion becomes

(_dt_) =M x-y[iBlcoswot—jB;sinwotﬁ—ie(B,-g)] . (19)
ROT L

Letting w = w, allows the rotating magnetic field in the lab coordinate system
to be stationary in the rotating coordinate system. Additionally, depending only on
an initial condition of arbitrarily defining the rotating X -axis, or X' as it will be
denoted, as the axis in the transverse plane of the rotating system which is parallel

to By, changes equation (19) to

(%) =siwafimsv(m-2)] - e
dt ¥
RoT

Figure 1 shows the two coordinate systems as defined above with the primed system
rotating at wt with respect to the unprimed laboratory system in a left-handed sense
about E; .

Again, from the method of equation (12). one recognizes the effective magnetic
field in the rotating frame as

Eeff-:i' Bl+it'(B;—$) . (21)

thus reducing (20) to the simple form

(dj‘ti) =M x 7§,ff . (22)
ROT

Clearly. from an examination of the two components of B. #fin (21), when the
Z' component is zero. the X' component (i'B)) is the only field component remaining
in the rotating frame and

,‘,)-—_—‘,B: . (23’




B T

Z-axis

Y-axis

X'-axis

Figure 1. The relationship between B,y; in the fixed coordinate system and the
rotating coordinate system. The net magnetic field is made up of two
components, the fixed component B, and the rotating component B;. The
conventional relationships between the two coordinate systems is shown
for positive 4. The field B; is drawn here relatively much larger than it
vormally is for the sake of clarity.

This gives the frequency of exact resonance and corresponds to the frequency
of the rotating field 51. Essential to this derivation is the assumption that the field
B,is precisely uniform throughout the sample of nuclear dipoles, a condition which
can only be approximated in the laboratory. Figure 2 shows explicitly that, as the
magnitude of Jw/7| approaches the value of |B;|, the value of B, £r approaches just
the small transverse component B;. Thus, the condition of magnetic resonance is
realized when the magnetization M “sees” only the fixed vector B, in the rotating
frame and thus precesses about it rather slowly as compared with the angular rate of
the rotating frame about the laboratory Z-axis. If, for example, the rotating field is
turned on at resonance at tir.ne t = 0 with the initial magnetization along the Z-axis,
then this magnetization vector will precess in the Y' — Z' plane in the rotating frame,
executing a spiraling motion (down and back up again repeatedly) as viewed in the

laboratory frame, as is shown in Figure 3. An inductive pickoff coil with its axis

>4 chgbr ey r e
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in the laboratory transverse plane will receive an RF signal modulated as shown in
Figure 4. Such a signal or variations of it can be readily observed by use of simple

apparatus with appropriate choices of experimental parameters.

2'-axis

8 -~y
2

Y'-axis

X'-axis

Figure 2. B, #¢ in the rotating coordinate system. The effective magnetic field B, £f

in the rotating frame of reference moves with 51. Again, B, is drawn
relatively much larger than is normally used in NMR experiments for
illustration purposes. Notice that B. is reduced by (w/v)k in the rotating
frame of ceference.

C. Nuclear Magnetic Relaxation

Introduction

When nuclear magnetic resonance was first observed in bulk matter. Bloch®
introduced two phenomenological relaxation times. Ty and T3, which are of great
usefulness in describing the effects of the atomic and nuclear environment of nuclear

magnetic dipoles.
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Figure 3. Spiraling path of precessing tip of magnetization vector M. The illustra-
tion shows the path of the tip of the magnetization vector M at magnetic
resonance assuming that M is initially along B, as it would be in thermal
equilibrium.

The Boltzmann factor

It is not possible with the apparatus in this experiment to observe the effects
of a single nuclear magnetic dipole in our samples, which have volumes on the order
of a cubic centimeter. It is essential, therefore, to make use of statistical mechanics
in describing the bulk effects of spin 1/2 particles (e.g. protons). At equilibrium

(relaxed state), the value of net magnetization is observed to be

=p | (24)
where
\o = the static magnetic susceptibility.

This is a result of a fraction of the dipoles being aligned. a condition which depends

on the absolute temperature of the lattice. the strength of H.and the type of nuclear

o ek R d v owly %at Mok 4 Sl Wexs G Cthe ded S
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Figure 4. Beat phenomenon of M,. Illustrated above is a component of M (e.g.,

M,) at magnetic resonance transverse to B, in the laboratory coordinate
system. A transverse pickoff coil will have a voltage induced at the Larmor
frequency.

species (characterized by v). From statistical mechanics for spin 1/2 systems, the

ratio of the population of the two spin states m = +1/2and m = —1/21s

N(+12) U =1/2) - t',,(+1,/2)]

N(=1,2) _ *P T (25)

where
Up(—1/2) = dipole energy of spin-up proton (aligned with B).
Up(—1/2) = dipole energy of spin-down proton (anti-aligned with B),
k = Boltzmann constant.
and T = absolute temperature on the Kelvin scale.

The term
Uy(~1,2) - Up(~1/2)
kT

is known as the Boltzmann factor.® Among other important uses. it predicts the

exp

equilibrium fractional excess of aligned dipoles producing a net magnetization along
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the static magnetic field which depends on the absolute temperature of the lattice
and the energy difference between aligned and anti-aligned nuclei. By inspection of
the Boltzmann factor it is clear that increasing equilibrium magnetization will result
by lowering the absolute temperature or strengthening the static magnetic field. For
example, with protons at room temperature in a magnetic field of 10,000 gauss, the
energy difference in the numerator of the exponential of the Boltzmann factor is
about 3 x 10! ergs and the value of kT is about 4 x 10~2* ergs. These numbers lead

to a net magnetization along the magnetic field which is produced by a very small

fractional excess alignment of nuclei: for every million nuclei in the sample, the net
excess number aligned along the field is about four. With the same protons at room
temperature in a field of 25 gauss, for every 100 million nuclei in the sample, the net

excess number aligned along the field is only about one.

The longitudinal relaxation time, T}

In a liquid macroscopic sample of nuclear dipoles at thermal equilibrium there is
no preferred orientation of the dipoles when there is no externally applied magnetic
field. As discussed earlier, when a magnetic field is applied each magnetic dipole
experiences a torque ¥ = g X B causing the dipoles to try to align along the applied
B. The alignment torques compete with local disorienting thermal effects. Since the
energy of each dipole in B is given by Uy = —ji - B, any alignment of dipoles reduces
the energy of the dipole sample (i.e., it “cools™ the system) and some mechanism for
conserving energy is required for a complete description. It has been shown in detail
by many workers that the “reservoir” to which the spin systems give up their energy is
the “lattice” of the bulk material. (See Abragam®, Bloembergen!?, and Pake.!!) The
lattice has become the comprehensive term for all internal structure and atomic con-
tent of the bulk matter which surrounds the dipoles. The electromagnetic interaction
(for liquids, due largely to Brownian motion) between the spins and the lattice which
causes energy transfers is universally called “the spin-lattice interaction.” Bloch’

made the assumption that any paramagnetic ensemble of dipoles in a magnetic field

would “relax” exponentially with a time constant T}, which is determined by the

P

P e awl)
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atomic structure of the bulk matter, to an equilibrium value yielding a net magne-

g 0 4

tization along the applied magnetic field given by M, = (xo/po) B. Mathematically,
this relaxation phenomenon can be expressed as

M, M,- M,

where the laboratory Z-axis is taken along B. T) is known as “the longitudinal

relaxation time” and always involves energy transfer to or from the lattice.

The transverse relaxation time, T

There are several useful and interesting ways to cause a net magnetization M in
the direction of B to rotate into a plane perpendicular to B, thus producing what is -
often called a “transverse magnetization.” As has been shown above, this transverse
vector will execute Larmor precession about B. However, the number of individual
dipoles that contribute to this transverse M will be reduced in time by two effects:
(1) relaxation toward alignment along B, with the longitudinal relaxation time

T:; and
(2) a transverse dephasing which “fans out” the dipoles by mutual interaction

between them and by inhomogeneities of the externally applied B-field.

The transverse interactions do not involve exchange of energy with the lattice
but rather conserve magnetic energy because they effectively exchange spin directions
between pairs of dipoles and cause random fluctuations in the local magnetic field. in
the process interrupting the orderly coherent precession of the magnetization about
the magnetic field and introducing a “dephasing” effect among the dipoles. This de-
phasing of the transverse component of M combined with the longitudinal relaxation
described above has been shown to cause an exponential decay of transverse magne-
tization with a time constant Ty, “the transverse relaxation time,” first introduced
by Bloch.” The relaxation of the two transverse components of magnetization thus is
described by the equation

dMey Moy (27)

de I

TR AU
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Equations (26) and (27) have played an enormously important role in representing
relaxation phenomena in the well known Bloch equations derived below.

It is important to note that T; < T) in general as a result of the fact that the
attenuation of transverse magnetization is caused by longitudinal relaxation (which
controls T} ) as well as by purely transverse “dephasing effects.” The Brownian motion
in many liquids and vapors contributes to a great reduction in the average internal
magnetic field. Fluctuations in the field at a given nuclear site due to frequent electro-
magnetic collisions average very nearly to zero gauss over an interval of one Larmor

precession period. Thus in such liquids and vapors, T; and T, are very nearly equal.

Instrument T, and magnetic field homogeneity requirements

No matter how carefully one designs and constructs magnets, it is physically im-
possible to produce a perfectly uniform external magnetic field throughout the entire
volume of any real sample of nuclear dipoles. For this reason, dipoles at different
positions in a given sample will, in general, precess at different rates. How different
these rates are depends directly on the homogeneity of the magnetic field. Inhomo-
geneities in fields produced by such practical configurations as ordinary solenoids and
even Helmholtz coils can cause very pronounced dephasing of a transverse compo-
nent of magnetization, in many instances providing the dominant cause of decay. In
experiments involving passage through resonance in which. for example. NMR ab-
sorption “lines” (or peaks) are observed. such field inhomogeneity dephasing causes
a decrease in the effective T» which is qualitatively indistinguishable from the effects
of the intrinsic T. By convention, this additional contribution is accounted for by

“instrument T," denoted by T} such that
Ti = (vAB)™' . (28)

where AB is an appropriate measure of the variation of the B~field over the sample
volume (e.g.. the rms deviation of the field from its average value). Unless one uses

special pulse-field “echo” techniques such as the spin-echo or rotary phase-switch
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methods,'? the result will be a loss of transverse magnetization governed by a decay

time
1 1 1

— T —

T;_Tz ﬁ !

where T3 is the decay time observed in NMR absorption (and dispersion) experiments

(29)

and causes a broadening of the observed line widths. Precision of the field and
frequency values which characterize an NMR absorption peak thus puts stringent
requirements on the homogeneity of the applied magnetic field over the volume of an
NMR dipole sample.

D. The Bloch Equations

In equation (7) we have the time rate of change of the total nuclear magnetization

caused by the torque on the dipoles by the magnetic field B:

7.7 S
Ti't_—JWX')'B . (30)

The Bloch equations describe the time rate of change of the three Cartesian
components of the nuclear magnetization when the spin sample is subjected to a very
specific field:

B =i2B cosut - kB, . (31)

In experimental situations of interest here. By will be in the range from a few milli-
gauss to ~ 1.0 gauss, always much smaller than B,. In actual laboratory apparatus.
the transverse field. i2B, cos wt. is produced by what is commonly called {in Bloch's
nuclear induction method) the transmitter co:l (usually a single solencid) arranged
with its axis parallel to the laboratory X-axis. The NMR equipment used in this
work combines the transmitter coil and receiver coul into simply one tuned inductor
containing the sample of nuclear dipoles.

A technique which is useful in simplifying later calculations is to resolve the

linearly polarized component i2B; cos wt into two circularly polarized fields

12B coswt = (iBycoswt ~ jB;sinwt) ~ (1Bycoswt ~ jBysinet) . (32)

— , |
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The first expression in parentheses describes a “right-handed” rotation of a field of
magnitude B;, and the second set of parentheses contains the corresponding “left-
handed” expression. Only the left-handed circularly polarized B;-field will be ef-
fective in nuclear magnetic resonance experiments because only this component can
“follow” the left-handed Larmor precession of most nuclei (with positive gyromag-
netic ratios, 7). For small values of B;, the right-handed component can be ignored
(incoherence averages it to zero from the viewpoint of any precessing nucleus), and so
in the context of the Bloch theory describing nuclear magnetic resonance we express

B in the laboratory frame as
B =iBycoswt — jB;sinwt + kB, . (23)

This expression for B in the laboratory is readily transformed to the same mag-
netic field as viewed in the rotating frame which is rotating about the k = k' direction

in a left-handed sense at angular frequency w

-

§.—.i'31+ic'(32—‘;‘;-) = Beys - (34)

So now the equation describing the time rate of change in M in the rotating

frame is (momentarily ignoring relaxation terms):

dM - .
(Tjt—) =M x ‘/Beff
ROT

=ﬂx7[vsl+v(33_:’)]

N
= (¢ Mo - My - KM.) x4 {5'31 k' (B: - f)] (35)
=i M,y ( B. - ‘i) ~j [.wﬂ B, - M.~ (3: - :’)}
9 7
- k't‘ly"; B]

Thus the combination of the magnetic resonance condition and the relaxation

phenomena yields the three Bloch equations expressed in a rotating frame (rotating

‘?
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at the frequency w of the Bi—field in the laboratory reference frame):

My TMy (Bz - ‘f) -

dt T,
de: W My:
—dt =9 [leBl - Afz: (Bz - ;) - -1—.,; (36)
E sz’ _ 4 2= Mol
& = MyBi- ——

After a period of time which allows relaxation effects to occur, the time deriva-

tives of the three magnetization components will vanish. This leaves three linear .

equations with solution

(wo = wyBIT2* M,

JVE pt = 3-
1+ (wo — w)?Ta? + 2B 2T\ T (37)
1B T2 M,
M, = 38
V14 (wo — w)2T? + 42B2T T (38)
[1 o T 2 o
M, = LH( T M (39)

1+ (wo — w)2T22 + ‘yzBlleTz

The above components of M are fixed along their respective axes in the coor-
dinate system rotating at frequency w in a left-handed sense with respect to the
X - Y — 7 laboratory frame. Thus it is a simpie matter to write the steady state

solution as viewed in the laboratory:

M;(t) = M icoswt + M, sinwt
My(t) = ~Mysinwt — My cos wt (40)
“fI;(t) = .‘I:I(t)

The solutions presented here demonstrate the driven nature of the transverse compo-
nents under the influence of the magnetic field imposed.

Figure 5 depicts the physical situation which prevails at resonance. A steady
state value of magnetization is fixed in the rotating frame (rotating at rate «,). and
this fixed magnetization has a transverse component which, as it rotates. will induce

an EMF in a "pickoff coil.” This coil acts as a receiver of the NMR signal. Such an ar-

rangement with a separate “transmitter coil” to impose the oscillating (effectively ro-

tating) magnetic field. B;. was used by Bloch in his pioneer “nuclear induction™ NMR
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experiments using bulk matter.” The nuclear induction method thus uses “crossed
coils” with their axes both perpendicular to the strong, steady field, B,. E. M. Pur-
cell, et al. simultaneously (and independently) developed the essential equivalent of
the “marginal oscillator” technique of detecting NMR signals.* His method combines
the transmitter and receiver function in a single coil which surrounds the bulk sample
of nuclear dipoles. A net absorption shows up as a transiently spoiled “Q" of the coil
as the resonant condition is traversed. The net absorption results from two essential
conditions:

(a) the slight excess of nuclear spins in the lower energy state over the number
in the higher energy state: and

(b) the loss of energy from the spin system to the *lattice” (all surrounding

material) only from spins in the higher energy state.

Z'-axis T

Y'-axis

X'-axis

Figure 5. A pictorial representation of the magnetization M fixed in the Y’ - 2'
plane of the rotating frame. The indicated “left-handed™ rotation about
the Z'-axis causes the Y’ component of M to induce an EMF in a pickoff
coil with axis lying in the transverse laboratory plane.




This latter energy leak prevents the perpetual alternate loss-and-gain cycle
which prevails with “free spins.” And it is for this reason, among others, that in
water samples some addition of a paramagnetic salt to reduce T; can enhance the
signal observed in a marginal oscillator over that which can be seen with relatively

pure water.

E. The RF Susceptibilities and the Saturation Phenomenon

" In almost all experiments involving the small magnetic field denoted by B in all
of the preceding analyses, the production of Bj is done by causing a purely sinusoidal
radio~frequency current to flow through a solenoid at a frequency denoted by w.
The fact that the solenoid produces an alternating linear field along its axis which is
decomposed into two (oppositely) circularly polarized fields of amplitude B; means
that in the laboratory the actual RF field is given by i2B; coswt, with unit vector ¢
along the X-direction in the laboratory because that has been the arbitrary choice
of the coil orientation.

The magnetization M which is produced by response of the nuclear sample to
the excitation provided by i2B; coswt is the basis for the defining equations yielding
the RF susceptibilities traditionally denoted as x' and x" in the laboratory frame of

reference:

1
Be
The defining equation allows AM.(t) to have a component exactly in phase with the

M,(t) = —(x"2B; coswt + x"2B; sinwt) . (41)

driving field H(t) = 2(B;/p.) coswt and also (as it turns out, essential) a component
precisely 90° out-of-phase with the driving field H(t).

Now to get explicit expressions for x' and X" in terms of the previous work on the
components of M, and M, (and M,:, M) produced by the RF excitation 2B cos wt
in the sample coil, the terms of equation (40) are compared with those of equation

(41); results of this comparison are:

My = 2£]-x' and M, = 2—8—1)(" : (42)
He fe
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These two equations then give the two RF susceptibility formulas. First,

1 po
x' = '2'%1 2
. 2 (43)
_ _ Y 2Awo ~ wh T3 (poM:)
1+ (wo — w)2T2? + ¥2B*T\T»
Then, using the following relationships,
wo = vB, and M, = xg?_: , (44)
the combination of which yields
ﬂoMo = XoBz = Xo% ) (45)
one conventional form of x' is given by
' 1 TZ(W’O - w)
= —woXoI2 46
X 2“’ X 14 (wo — w)"'Tzz + ‘YzBlleTz (46)
And similarly.
n_lpo
V=ap
- _1_£0_ 7BIT2~M<; (47)
2B11 + (wo - w)szz + 723121‘1]‘2
1 1
= :Z-wo\ng

1+ (w, — w)2Te? ~42B*T\T»

For reasons which will be developed later, it turns out that the factor \” is
directly and exclusively responsible for the absorption NMR line that can be observed
with the proper equipment. The factor \'is responsible for the NMR dispersion signal
and does not involve absorption of energy from the excitation receiver coil which
radiates the enclosed nuclear sample by the B;-field.

Now to show eicplicitly the phenomenon known as saturation broadening of the
NMR absorption line. it is necessary to anticipate a fact that will be demonstrated
later. namely that the absorption line is essentially represented by M.

~-BiTL .
1= (w5 - « )Ty’ — 4B’ Ti T,

M, = (48)

——
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It is useful in this context to write out the standard normalized Lorentz func-
tion in terms of parameters which have direct bearing on the NMR absorption phe-

nomenon:
T» 1
w)=— . 49
At this point it is important to note two items:

(1) the half-width at half-maximum of the signal is given by 1/(T3), and

(2) the very important term 52 B, 2Ty T; does not appear in the standard Lorentz
function.

The purpose in this development is to show explicitly that

W= rvBinmy /s 50
in which
1 1
il A vB’T\T)'/? (51)
2

thus demonstrating that when the saturation parameter. S, = 2B, T\ T, grows to
values that compare with 1.0 or larger the line is “saturation broadened.”
The method of showing the expression immediately above is a simple (but alge-

braically long) brute force identity problem. The expression

1

1 2 2 ] .
7 = (171" B° T (52)

is injected into the formula for M, (See equation (30)) by use of the following ma-

nipulation. First divide the denominator by the factor

(1 +9°B*T\T>) (33)
and multiply the numerator by
(1-+*B’TiTy) " (54)
in the form s

(1 ++2By°TiTh)
(1+ 72312T1T‘2)"2
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My = vBiM,Ty(1 + v2By*Ty T5)~1/2 ( 1++2B’T\T; )
Y 1+ 7BPTT) 2 \1+ (wo - )5 + 2B TiTs
- 1B\ M, T (1+ 2B TiTy)"/? (56)
(1+ 2B *T1T2)1 /2 \ 1 + (wo — w)?To? + v2B, T\ T,
_ ryBiM, _T_'z' 1
(1+ VBT 2 ® \ 1+ (wo - wpT)
in which
T;
T, = . 57
27 (14 9BTy)' .
Making use of equation (49), the normalized Lorentz function, M, becomes
mvBi M,
AM ' = f . 58
Y (1 + 72312T1T2)1/2 fT,(“J) ( )
Thus the “saturation broadening” of the absorption line has the dependence on B,
given by
1 1 "
7= 172(1 + BT To)? . (59)

It is now useful to show that even though the absorption line is broadened by
the factor shown in the preceding analysis, the maximum value of the important
“signal generating” magnetization M,/ (yet to be demonstrated) is produced when
22B,2T T, = 1.0 at resonance. To do this the derivative of M, is taken with respect

to B; as follows:

dMy  (YBiTeMo)(29°BiTiTy) — (1 = (wo — @)’ T2% + * By i o M.

= 3 > . (60
dB; (1 + (ws —w)T2” ~92B* T T)? (%9)
Then at resonance w = «, and
(dMy, —0o 61
dB, ).m.c B (1)
when
1B M(29* BT\ T2) ~ (1 - 4’ BT TR M. =0 . (62)
Canceling common factors 41> M, leaves
24B*TiT> -1 - -*B*T}T» =0 . (63)

| L 1
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which is equivalent to requiring that

BT\ T, =10 . (64)

It is then evident that the largest absorption signal is achieved when the saturation
parameter is unity. Above that the saturation effect reduces the signal by reducing
the difference between spin-up and spin—-down nuclei in the sample, whereas below it
the excitation effect of the oscillating field of amplitude B, is less effective in causing
transitions.

It is now time to discuss the long delayed but strongly motivated development
of why M, and therefore the RF susceptibility x" are exclusively responsible for the
observed NMR absorption line. It is first important to notice that at exact resonance
M, = 0 and M, is at its maximum value. So at resonance, only M,/ can induce
the signal EMF in the receiver coil. The signal generated by M, as it rotates at
angular velocity w, in the laboratory X — Y plane is proportional to w. M, which is
proportional in turn to the rate of flux change in the receiver coil:

woyB1 T2 M,

M, = 27212
“o Y I 2B T\ T,

(65)

at resonance. Since M, and \" are directly proportional to each other. it is now
evident that \” is the “absorption” component of the RF susceptibility.

In this context the question may naturally arise as to what physical role \' plays
in the resonance phenomenon we are discussing, and. further. what is the difference
between \" and \'? This question is probably most conveniently answered by defining
the complexr susceptibility as

v=U-0" (66)

With this seemingly arbitrary definition. equation (41) can be rewritten in com-
plex form:

1, Mo(t) = Re{2Byr e~}

= Re{2B1(\' = j\")cos «t ~ jsinwt)}

(67)
= Re{2B)(\' cos wt + \" sinwt) ~ j2By(\'sinwt — \" cos wt)}

= 2B1\' coswt + 2B1\" sin ut
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Now with the complex susceptibility we can see what effect a nuclear sample
inside a coil has on the parameters of the coil. If the inductance of the coil with only
vacuum (or air) inside it is called L,, then when a substance with a susceptibility y

is put inside the coil, the inductance is changed as follows:
L=Ls(1+%x) . (68)

Since any real coil has resistance (ordinary ohmic resistance), which we will call R,,

then the impedance of the coil at frequency w is given by

= jwLo(1+ Y - jx") + R, (69)
= jwLq(1 + x') + (R + wLox")

So the real part of the RF susceptibility \' changes the inductance of the coil and the
imaginary part. x”, modifies the resistance of the coil. For reasons that are rooted in
the nomenclature of early modern physics, ' is called the dispersion component of

x. It now becomes abundantly clear why \” is the absorption term in .
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CHAPTER III

EXPERIMENTAL APPARATUS

A. Introduction

The principal items of equipment developed in this project are three different
marginal oscillators, all constructed and tested to measure the only truly important
figure of merit for such devices used in NMR measurements: signal-to-noise ratio. All
oscillators were coupled to the same NMR detection apparatus, developed especially
for this thesis. The oscillator outputs were fed in parallel to an ordinary amplitude
modulation detector (AM detector) and a phase-sensitive detector of original design
for this work. In the studies of signal-to-noise the signals for various NMR samples
could then be viewed simultaneously as data were collected. Figure 6 illustrates the
general block diagram of the experiment. In order to facilitate a better understanding
of how these components are designed and used in this project each is discussed briefly

below.

B. The Modified Donnally Oscillator

The first of the oscillators worked wtth is the simplest. It is a modern adaptation
of a transistor emitter follower oscillator first presented by Donnally and Sanders.!® It
has been modified to operate with an FET as the active element with other modern
components included. Subsequently this version of the oscillator will be referred to
as the modified Donnally oscillator. The other two oscillators are refinements of the
modified Donnally oscillator and will be discussed in subsequent sections of this thesis.

A detailed circuit of the modified Donnally oscillator is given in Figure 7. In the
diagram it is clear that a fraction of the output at the source of the FET is fed back
through a capacitive reactive path to the resonant tank circuit to maintain oscillation.
The connection to the stacked capacitors (") in the feedback path is equivalent to

feeding current directly from the FET source to a tap on the tank coil.
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Figure 6. Block diagram of experimental apparatus.

As shown in Figure 8 the tank coil contains the NMR sample and is mounted
between the poles of a standard teaching laboratory magnet. The functions of the
additional coils labeled ramp coil and wobbling coil will be described later.

To provide a basis for comparison of gain of the source follower of the Donnally
oscillator with that of more sophisticated source followers (e.g.. the Darlington cir-
cuit), the voltage gain at 16.0 MHz of the simple FET source follower was measured
and found to be 0.53. Also various temporal {and somewhat subjective) measures
were made of the stability of the modified Donnally oscillator in extreme NMR oper-

ating conditions.
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F RC R
sample
o E
to power to marginal to ramp
amplifier oscillator generator

Figure 8. The magnet and coil assembly. The ramp coil (RC in diagram) slowly and
linearly changes the field between the pole faces to sweep through the full
width of the resonance. The wobbling coil (WC in the diagram) produces
a relatively small AC component of the field between the pole faces to
generate the derivative signal for the phase sensitive detector.

C. The Hybrid Darlington Oscillator

The effort to explore for better gain and stability of the marginal oscillator
component of the NMR system led to the Darlington circuit. Because the FET
provides high input impedance at its gate. the Darlington circuit ultimately chosen
for this work is a hybrid in the sense that the input element is an FET and the support
element is a good high-frequency bipolar transistor. It was in this context that the
second marginal oscillator, now called the hybrid Darlington, was developed.

The bootstrapping provided by capacitors (('3). as illustrated in Figure 9. reduces

the rolloff of gain with increasing signal frequency by alleviating the effects of load

and junction capacitance. The hybrid Darlington, as tested. exhibited a voltage gain

of 0.95 with no observable phase shift at 16.0 MHz.
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D. The FET Cascade Oscillator

The FET cascade circuit is distinguished from other source followers by replac-
ing the conventional resistor below the source with an active FET constant-current
element as shown in Figure 10. This constant current connection of the FET has
typically several hundred thousand ohms of AC impedance but allows current to flow
through it with rather small effective DC resistance. Following the lead of oscillo-
scope manufacturers, the FET cascade circuit was experimented with to exploit its
potential as the ultimate source foliower.

Various combinations of FET’s with quality up to and including “matched” com-
ponents manufactured expressly for oscilloscopes, were tested with disappointing re-
sults. The reliable MPF-102 was finally selected for the FET after its use in the
cascade circuit was observed to produce a voltage amplification of 0.79 with no ob-

servable phase shift at radio frequencies.

E. The Isolation Stage

As stated previously. the oscillator modules simultaneously operate in an absorp-
tion display mode and an absorption derivative display mode. To facilitate the dual
display mode of operation a hybrid Darlington source follower is used to isolate the
output of the marginal oscillator module from the display circuitry. The high input
impedance of the source follower prevents the dual display circuitries from loading
the marginal oscillator output. allowing the audio signal to be input simultaneously
to the audio amplifier and to the narrow band amplifier as illustrated in Figure 6.
The hybrid Darlington source follower operates flawlessly at audio frequencies with a

voltage amplification of 1.0 and no phase shift.

F. The Audio Amplifier

An audio amplifier is included on the chassis with the modified Donnally oscil-
lator but appears as a separate module for the hybrid Darlington and FET cascade
oscillators to avoid further duplication of effort and equipment. The two audio am-

plifiers are virtually identical with the exception of a variable gain control (Ra). in
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Figure 11. The separate audio amplifier circuit.

the first stage of the separate amplifier module as illustrated in Figure 11. With the
gain control the separate amplifier exhibits an overall voltage gain of 52-261. The
audio amplifiers are among the few components of the system that utilize integrated

circuitry instead of discrete components.

G. The Narrow-Band Amplifier

NMR samples that are easily saturated require low RF levels if their resonance
signals are to be observed. Consequently, the desired signal is often smaller than the
spurious noise. To extract the NMR signal from the noise. a phase-sensitive detection
method is often utilized. Narrow-band amplification of the audio signal is the first
effective step of this detection method.

The narrow-band amplifier improves the signal-to-noise ratio of the NMR signal
by capitalizing on a tuned amplifier’s characteristic of enhancing signals within a

narrow band of frequencies. the amplifier “bandpass,” while attenuating signals falling




Figure 12. The narrow-band amplifier circuit.

outside this band. In this project, the signal frequency is determined by the frequency
of the modulation of the primary magn;tic field, B..

As can be seen in Figure 8, the modulation of B, is accomplished by the use
of the Helmholtz coils labeled wobbling coils that are being driven by a frequency
generator operating at 34 Hz. The narrow-band amplifier in Figure 12 therefore is
designed for a central frequency of 34 Hz. Judicious selection of components gives

the amplifier a voltage gain of 1000 and a bandwidth of 5.5 Hz.

H. The Phase-Sensitive Detector System

The design of the phase-sensitive detector (PSD) employed in this project was

intentionally made as simple as could be conceived. Since all PSD’s are merely syn-
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Figure 13. The phase-sensitive detector circuit.

chronous switches in essence, the detector in this experiment was designed to demon-
strate the switching function as explicitly as possible. Thus. as is shown in Figure 13,
two transistors are alternately enabled and disabled in a complementary manner by
use of a center-tapped transformer driven by a power source which is perfectly coher-
ent with the signal to be demodulated. The actual signal comes from the narrow-band
amplifier, which in turn is driven bsr the response of the NMR sample (through the
marginal oscillator) to the 34~Hz wobbling field. The small and carefully controlled

amplitude of the wobbling field ensures that the NMR response is proportional to the
derivative of the Lorentzian NMR absorption curve. Coherence of the power applied
to the PSD with the NMR signal is assured by using a common source of 34-Hz
voltage. As shown in Figure 13 the transistors have their bases (input terminals for %

the PSD) connected together. On the other hand. the two emitters put charge on

. m




Figure 14. The differential amplifier circuit.

independent integrating capacitors. Thus the actual output of the PSD is the dif-
ference between the voltages on these two integrating circuits. Then the differential
amplifier shown in Figure 14 is used to amplify this DC potential difference. It should
be noted that the PSD can operate with only one of the integrating circuits thereby
giving half-wave demodulation instead of full-wave demodulation.

With the equipment described above and with the NMR sample immersed in a
B.-field at some particular value which lies within the Lorentzian absorption curve
limits, the output signal has an amplitude proportional to the slope at one point on
the Lorentzian form. By slowly and linearly varying the ramp field, which is simply
adding to or subtracting from the B,-field, the output of the differential amplifier
slowly traces out the first derivative of the entire Lorentzian absorption line if ramp
excursion is sufficiently large. In all the experiments in this project. such a ramp field
was applied using a Wavetek set at approximately 0.003 Hz.

Even though the wobbling field is of small amplitude, a power amplifier is re-

quired to drive the wobbling field coils since the Wavetek 34-Hz voltage source is
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Figure 15. The power amplifier circuit.

entirely inadequate for this purpose. The wobbling field power amplifier is shown in

Figure 15.

I. The Phase Shifter

The required coherence between the NMR signal into the PSD and the AC power
to the transformer which is an integral part of the PSD is discussed in the preceding
description. It now becomes necessary to recognize explicitly that the proper phase
between these two AC voltages is also absolutely essential for the proper functioning
of the PSD.

To illustrate this point with separate examples of relative phases which give
maximum signal amplitudes and null signals, respectively. consider first the ideal
phase relation to produce maximum signal amplitudes. If the incoming signal from
the narrow-band amplifier on the bases of the two transistors is precisely in phase

with the voltage applied to the collector of the transistor on the left in Figure 13. then




this transistor is snabled when the signal is positive. Consequently, during the other
half of each cycle, the transistor on the right in Figure 13 is enabled when the signal
is negative. This set of circumstances clearly leads to enhanced positive differential
voltage of left emitter relative to right emitter. When the ramp proceeds to the other
shoulder of the Lorentzian line, the relative phase of signal and collector voltages
changes by 180° so that the differential voltage reverses polarity — i.e., positive
voltage of right emitter relative to left emitter. This change in polarity explains the
overall appearance of the derivative signal.

An example of a phase relation between the incoming signal and the AC on the
two collectors (in the PSD) which leads to a null signal (i.e., no difference in voltage
between the two emitters) is simply described by having the input signal 90° out of
phase with the signal on the two collectors. In this circumstance the two transistors
each spend one-half of their enabled periods with an average voltage of zero on their
bases with the consequence that the differential output voltage is zero. This zero
is conspicuously present in the very center of each derivative signal when the ramp
passes through the peak of the Lorentzian.

The phase shifter circuit is shown in Figure 16. This circuit can produce a phase

shift close to 180° with no change in amplitude.

J.  The RF Injection System

In an experiment which will be described in more detail later, a sample con-
taining both protons and fluorine (F!?) is used to compare the gyromagnetic ratios
of these two nuclei in precisely the same magnetic field. The sample chosen was tri-
fluorobenzene, each molecule of which contains three protons and three fluorine nuclei.
As the experiment progressed the detection of the proton resonance was found to be
routine with the marginal oscillator set at a reasonably low and sustainable level of
RF in the tank coil. However, hours of searching for the fluorine resonance signal in
the proper frequency range were fruitless. The only logical reason for this failure to
observe the resonance seemed to be that this particular molecular environment yields

such a narrow fluorine line that the RF level successful for protons was completely
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Figure 16. The phase shifter circuit. The output to the power amplifier will change
phase through a range close to 180° without change in amplitude.

saturating the fluorine resonance rendering it unobservable. It thus appeared that
a much lower RF level in the tank coil should be tried. Many repeated attempts
to operate the oscillator at its extreme lowest level of RF were frustrating because
of continual interruption of oscillation after just a very few seconds of this low-level
adjustment.

At this time a new turn of events not only made the observation of the fluorine
resonance signal possible but also helped provide an example of the general character
of saturation phenomena and signal optimization as was discussed in Chapter II.
The breakthrough was the discovery that a low RF level in the oscillator tank is
readily maintained by adjusting the marginal oscillator just below the point of self-
sustained oscillation and by then injecting RF power from a stable external oscillator.
In this mode of operation the external source is very loosely coupled to the RF tank
and serves the purpose of continually shock exciting the marginal oscillator to give
continuous very low level RF in the NMR sample. One is tempted to consider the

oscillator to be actually a high-Q amplifier, but such an idea is refuted by the fact that

- A
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Figure 17. The RF injection system.
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beats between the tuned oscillator and the external RF source appear conspicuously

on a monitoring oscilloscope.

The RF injection system used is a very stable frequency synthesizer coupled

through a silicon diode harmonic generator to get the required frequency of RF power

near 15.0 MHz. (The upper limit of the range of the synthesizer alone is 11.0 MHz.)

This system is displayed in essential detail in Figure 17.
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CHAPTER IV

EXPERIMENTAL RESULTS

A. Introduction

Observation of the resonance absorption signal and of the absorption deriva-

tive signal was achieved through application of the theory discussed in Chapter II-
along with careful measurements using the apparatus discussed in Chapter III. The
signal-to-noise ratios of the absorption signal and its derivative provide the primary
basis of comparison of the three marginal oscillators constructed for this thesis. The
maximum amplitude of the resonance signal occurs when the saturation parameter,
Sp, is unity (i.e. YBi?TyT; = 1). (See page 21.) For Sp slightly greater than unity,
the saturation effect reduces the signi\l amplitude but increases the stability of the
marginal oscillator. Protons were selected as the NMR sample species for signal-
to-noise measurements because samples are readily available in which one can easily
avoid saturation of the proton line by RF fields produced conveniently in marginal
oscillator tank coils. The marginal oscillators were therefore adjusted to provide op-
timum absorption signal amplitude and stability by using proton samples and by
increasing the positive feedback to the tank coil such that S, was slightly greater

than unity.

B. Signal-to-Noise Measurements

Table 1 contains the signal-to-noise measutements taken for the three oscilla-
tors utilizing different proton environments, RF coils, frequencies of oscillation, and
display modes. The results obtained with the phase-sensitive detection mode of
operation are illustrative of the effectiveness of even the simplest home-made phase-
sensitive detectors.

These results on the signal~to-noise ratio show that the hybrid Darlington os-

cillator consistently outperforms the other two oscillators tested. At this time it
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Table 1. Marginal oscillator signal-to-noise ratio (SNR) measurements. Signal-to-
noise was measured as the signal voltage (peak -to-peak) to the noise volt-

age (maximum peak-to—peak).

Oscillator Sample Absorption SNR | Derivative SNR
modified Donnally | glycerin 10.55 to 1 121.59 to 1
hybrid Darlington glycerin 24.89to0 1 216.00 to 1

FET cascade glycerin 5.63 to 1 22.60to 1
modified Donnally | mineral oil 24.97to 1 115.56 to 1
hybrid Darlington | mineral oil 33.67to 1 227.00 to 1

FET cascade mineral oil 13.03 to 1 40.16 to 1

remains a serious puzzle why the FET cascade oscillator operates so poorly. This
lack of performance will be the subject of an investigation entirely separate from the
present work. The FET cascade oscillator is henceforth not considered for physical
measurements which are to be described in this thesis. Also the hybrid Darlington
circuit was chosen over the modified Donnally oscillator for concentrated efforts in
two experiments: measurements of proton resonance line widths in NMR samples
with broadly varying concentrations of the paramagnetic salt CuSOy in pure water;

and a precision measurement of the ratio of the gyromagnetic ratio of F1° to that of

H:.

(. Proton Resonance Line Widths

In Chapter II. Section E. entitled “The RF Susceptibilities and the Saturation

Phenomenon,” it is brought out that the relaxation time T is operationally defined
as a characteristic average interval of uninterrupted precession of individual nuclei
in their liquid environment. It is thus a direct modulus of the coherence of preces-
sion and therefore of the spectrum of frequencies which characterize the precession q

phenomenon. This spectrum reveals itself macroscopically in a real liquid sample of




41

Table 2. Observed absorption line width as a function of molarity. The actual widths
shown are the intervals AB (in gauss) between maxima ard minima of the
derivative traces.

Molarity | Observations | AB (gauss) | Std. Dev.
Saturated 6 2.119 0.212
10M 13 2.022 0.094
033 M ' 10 1.853 0.150
0.026 M 11 1.767 0.061

nuclei (say, protons) as simply the Lorentzian line width of the NMR signal. One
of the most convenient ways to control the number of times per second the nuclei
are disturbed from their orderly precession is the addition of a controlled amount
of paramagnetic salt such as CuSOy into the nuclear environment. Thus, we expect
from the theory that large concentrations of CuSOy in the water should give broad
NMR “lines” (really Lorentzian distributions of frequencies) whereas low concentra-
tions should give narrow lines. This explicit dependence of linewidth on T: is shown
in detail in equation (49) of Chapter II. (The Cu™™ ion provides the electromagnetic
disturbance required to interrupt the precession.)

This motivation of the theoretical background of line width versus paramagnetic
salt concentration led to the experimental results presented in Table 2.

The experimental technique used to calibrate the sweep in gauss/cm to yield
line widths in gauss is illustrated in Figure 18. Two proton resonances from the same
sample are carefully displaced from each other on one baseline (ramp). The frequency
(f) of the oscillator for each resonance is measured to five significant figures. and then
the linear scale in gauss /cm results from the application of f = 4 B (see equation (23))
to yield fo — fy = ¥y(Bs — By). Since fi. fo. and 4 are known, By — B} as measured
between the zero-crossing points of the two resonances immediately gives the desired

calibration. A mean of 0.6375 = 0.0137 gauss/cm was obtained for six observations.
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0?‘521 s f = 14.95220 MHz f = 14.99260 MHz
100 m' B = 3511885 kG B = 3521374 kG

X (x100) (1)
Y (x100) (1)

AB=9489G

\ AR 06015022 Gl

Figure 18. Sample calibration plot.

Then a line width of a particular deriv:;tive signal is the AB measured between the
upper and lower peaks of the trace on the X-Y recorder. (See Figure 19.)

The change in line width with varying concentration of CuSO4 as displayed in
Table 2 is monotonic within the indicated error as expected. However. the sensitivity
of line width to change of CuSQy4 concentration is not remarkable. This lack of sensi-
tivity is attributed to inhomogeneity of the magnetic field of the student laboratory
magnet used. As is shown in Chapter II, page 13. the observed line width is always
contaminated at least to some extent by variation of the magnetic field within the

volume of any NMR sample. Specifically

—  —— -
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Figure 19. Representative line width plot.

in which 75 is inversely proportional to the observed line width. T is the intrinsic
transverse relaxation time, and 1A B is the fired contribution of field inhomogeneity
to the observed line width. (The factor AB is simply some convenient measure of
this inhomogeneity.) Since 1/4AB is a constant instrumental contaminant, changes

in T; can be obscured considerably as Tj changes over a wide range.

D. Gyromagnetic Ratio Measurements

The frequency of the fluorine (F!?) resonance in trifiluorobenzene immersed in a
fixed B-field was accurately compared with the frequency of the proton resonance

using the same sample in precisely the same field. The frequencies can be measured




in this experiment routinely to 1 part in 7.0 x 105. Since f = 7B, with fixed B the
ratio 7¢/4, is measurable in principle to a precision of 2 parts in 7.0 x 105.

The actual procedure used in this experiment gave results with less than the
possible precision as will now be explained. First the prominent proton resonance in
trifluorobenzene was found and identified by comparison with auxiliary pure proton
samples using the hybrid Darlington marginal oscillator. Then the magnetic field was
increased in search of the fluorine resonance. In spite of our knowledge of approxi-
mately where the fluorine signal should occur, hours of searching were frustratingly
unsuccessful. It was at this point that the suspicion that a narrow fluorine line (long
T,) was being heavily saturated by an RF level which did not saturate the proton
line and thus allowed the proton signal to show up readily. In order to reduce the
RF level in the marginal oscillator tank to try to avoid this saturation, the idea arose
to inject RF at a very low level into the tank circuit from a frequency synthesizer.
The feedback control in the marginal oscillator was set at a point below the level
of self-sustained oscillation. Then the injection of external RF power very loosely
coupled to the RF tank coil sustained a controllable and much reduced level of os-
cillation of the marginal oscillator. as has been explained in the section describing
the injection system in Chapter III. In this experimental environment the fluorine
line. now not saturated. showed up immediately. The procedure then pursued was to
carefully adjust the fluorine line to the center of the ramp and record the frequency
of the marginal oscillator. Next. with the B-field fixed at its new. higher value. the
frequency of the marginal oscillator was increased slowly until the prominent proton
resonance was centered on the ramp. Recording of this second frequency (the proton
frequency) completed the data required to give the ratio of the fluorine gyromagnetic
ratio to that of the proton. This procedure was repeated seven times. The data are
shown in Table 3. The resulting average of 0.9409 = 0.0007 is a tribute to this proce-

dure which depends only on precise frequency measurements and the ability to judge
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Table 3. Ratio of the fluorine gyromagnetic ratio to that of the proton.

Trial no. | v¢/vp (exp.) | v5/7p (act.) A%
1 0.9422 0.9408 0.1486
2 0.9409 0.9408 0.0106
3 0.9405 0.9408 0.0319
4 0.9410 0.9408 0.0213
5 0.9397 0.9408 0.1171
6 0.9410 0.9408 0.0213
7 0.9411 0.9408 - 0.0319

when a signal is close to the center of the ramp. This latter somewhat subjective
manipulation is the only factor which prevents a precision of 2 parts in 7.0 x 105.
Since this experiment using the novel injection method was so successful with
the hybrid Darlington marginal oscillator, the question naturally arose whether the
modified Donnally circuit would perform well in this mode. The modified Donnally
oscillator was simply substituted in the gyromagnetic ratio experiment and was found
to work surprisingly well. All tests of this injection mode appeared to indicate, in
fact, that the modified Donnally oscillator was somewhat more sensitive than the
hybrid Darlington in producing easily observable fluorine as well as proton signals.
The only disadvantage of using the Donnally circuit was the necessity for continual
adjustment of marginality to maintain the optimum signal. No such readjustment
was ever necessary in the use of the hybrid Darlington in this experiment. A decision
was made on this basis not to repeat the gyromagnetic ratio experiment with the

Donnally circuit.




CHAPTER V

CONCLUSION

It has been demonstrated that a conceptually uncomplicated nuclear magnetic
resonance marginal oscillator spectrometer with good performance characteristics can
be assembled with inexpensive components. An accurate comparison of signal-to-
noise capabilities of three different marginal oscillators led to the selection of a hybrid
Darlington citcuit for the performance of two experiments: proton line width mea-
surements and a precision comparison of the F!® gyromagnetic ratio to that of the
proton. Of the other two marginal oscillators, only the modified Donnally circuit
came close to favorable comparison with the hybrid Darlington. The third oscillator,
the FET cascade circuit, was a disappointing third in the rankings for reasons that
are yet to be understood and was summarily eliminated from further consideration
in this work.

In addition to the original design of the hybrid Darlington marginal oscillator,
two special and novel features of the spectrometer system developed are: a sensitive
and easy to understand phase sensitive detector; and a new injection mode of marginal
oscillator operation which provides low RF fields for observation of easily saturated

NMR lines.
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