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ABSTRACT

Standard techniques of radio-fregquency nuclear
resonance spectroscopy have been applied to further.studies
of the interaction between atomic nuclel in crystals and
the crystalline electric field gradients at the nuclear

sites.

Observations have been made on the nuclear
magnetic resonance spectra of A127,\L16, Li7 and Si2?
in single crystals of LiAl(SiO;)g (spodumene} in strong
magnetic fields. Results from the A127 spectrum provided
improved values of the field gradient constants of spodumene
and a check on the adequacy of second and third order
perturbation theory in describing the electrostatic per-
turbation of the magnetic energy levels; these results also
provided an experimental check on a proposed new method of
nuclear spin determination., The L16 and Li7 measurements
provided a more accurate value of the quadrupolse moment
ratio for this pair of isotopes. Observations on the
8129 spectruﬁ support: existing evidence that the spin

2
of si 7 is 1/2.

A super-regenerative spectrometer has been built
for the detection of nuclear magnetic resonances and nuclear
electric gquadrupole resonances. FPreliminary tests indicate

that it will detect resonances in solids at low frequencies



iii,

which could not be detected with the continuous-wave type of

spectrometer. A pure quadrupole resonance in Na2340 .4H20

7
(kernite) has been detected at 1.27 Mc./sec. using this
super~regenerative spectrometer, This represents a pure
quadrupole resonance of the lowest fregquency reported

to date.
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Standard techniques of radio~frequency nuclear
resonance spectroscopy have been applied to further
studies of the interaction hetween atomic nuclei in
crystals and the crystalline electric field gradients
at the nuclear sites,

Observations have been made on the nuclear ma%—
netic resonance spectra of A127, 1i®, Ii7 and Si°

in single crystals of LiAl(SlO3) (spoduméne) in
'strong magnetic fields., Results from the A127
spectrum prcvided improved values of the field gra-
dient constants of spodumene and a check on the ade-
quacy of second and third order perturbation theory’
in describing the electrostatic perturbation of the
magnetic energy levels; these results also provided
an experimental check on a proposed new method of
nuclear spin determination. The 1i6 and 1i7 measure-
ments provided a more accurate value of the quadrupole
moment ratlo for this pair of isotopes. Observations
on the 5129 spectrum support existing evidence that
the spin of 5i29 is 1/2.

A super-regenerative spectrometer has been built
for the detection of nuclear magnetic resonances and
nuclear electric quadrupole resonances. Preliminary
tests indicate that it will detect resonances in
solids at low frequencies which could not be detected
with the continuous-wave type of spectrometer. A pure .
-quadrupole resonance in NapByO7.4HoO (kernite) has
been detected at 1.27 Mcw/éec@*using this super-
regenerative spectrometer. This represents a pure
quadrupole resonance of the lowest frequency reported
to date.:
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ABSTRACT

Standard techniques of radio-frequency nuclear
resonance spectroscopy have been applied to further
studies of the interaction between atomic nuclei in
crystals and the crystalline electric field gradients
at the nuclear sites,

Observations have been made on the nuclear mag-
netic resonance spectra of A127, Li®, Li! and Si
in single crystals of LiA1(S5iOz)o (spodumene) in
strong magnetic fields. 'Resu%ts from the A127
spectrum prcvided improved values of the field gra-
dient constants of spodumene and a check on the ade-
quacy of second and third order perturbation theory
in describing the electrostatic perturbation of the
magnetic energy levels; these results also provided
an experimental check on a proposed new method of
nuclear spin determination.- The 1i% and 1i7 measure-
ments provided a more accurate value of the gquadrupole
moment ratlo for this pair of isotopes. Observations
on the Si29 spectrum support existing evidence that
-~ the spin of $i29 is 1/2.

A super-regenerative spectrometer has been built
for the detection of nuclear magnetic resoriances and
nuclear electric quadrupole resonances. Preliminary
tests indicate that it will detect resonances in
solids at low frequencies which could not be detected
with the continuous-wave type of spectrometer.. A pure
quadrupole resonance in NapByO7.4Ho0 (kernite) has
been detected at 1.27 Hcf/gec,-using this . super-
regenerative spectrometer. This represents a pure
quadrupole resonance of the lowest frequency reported
to date.:
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1.

INTRODUCTION

The experimental work reported in this thesis
utilizes the technique of radio-frequency nuclear resonance
spectroscopj. This technique providss a method of studying
the interactions between atomic nuclei and their surround-
ings. The work described in this thesis is confined to
the case of nuclei in non-metallic crystals, subject

to the following two types of interaction, one or both
of which may be present:-
(a) a magnetic,interaction.between the nuclei
and an exﬁefnally applied static uniform magnetic field H,.
(b) an electrostatic interaction between the

nuclei and ﬁicroscopic crystalline electric field gradients,

Part I of this thesis sets out the underlying
theoretical framework. Part II reports experimental
work at._high magnetic fields where interactions of both
types (a) and (b) are present, but (a) greatly exceeds
(b). Part III reports some work at lower magnetic fields,

and some at zero field where only (b) need be considered.

The experimental results so obtained yleld inform-

ation on both crystals and nuclei, as well as broadening

the knowledge of the technique of resonance spectroscopy.

The information on crystals is related to the

field gradient tensor at the sites of nuclei: the orientation
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of its principal axes with respect to the crystal axes,

and its degree of asymmetry, i.e. the relative magnitudes
of its components along the princ¢ipal axes. Such inform-
ation is of particular interest fo thogse studying thse theory
of bonding in solids.

The information which may be obtained about nuclei
includes the determination of nuclear spins and, in the
case of certain 1sotope pairs, the determination of

quadrupole moment ratios.

The study of nuclear magnetic resonance spectroscopy
is a comparatively new one, and that of nuclear quadrupole
resonance spectroscopy (when Eb =0} is even newer, The
particular region of nuclear magnetic resonance spectroscopy
where the interactions (a) and (b) are of the same order
of magnitude has scarcely been touched, and any experimental
results on frequencies and transition probabilities as .
functions of crystal orientation and magnetic field are of
value in checking the existing theory, and in the planning

of future experiments.

If a sample containing nuclel with spin I £0
and magnetic moment /A,is placed in a uniform magnetic
field H,, quantum(mechanics predicts and experiment confirms
that there will be 2 I + 1 possible orientations which the
nuclei may assume with respect to H,, and that each orientation

corresponds to a definite energy level different from the
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others. These are referred to as the Zeeman levels. If
all other 1nteréctions between the nuclei and their
surroundings are zero, or average to zero over a short time
interval, the 2 I + 1 levels will be egually spaced by an
amount /“JQ/I. Quantum mechanics also predicts that
magnetic dipole transitions due to a perturbing radio-
frequency magnetic field oscillating in the plane
perpendicular to Hy will only take place between adjacent
levels (hence all transitions will represent the same
energy difference ) and therefore'only provided the frequency
of Ei is equal to the classical Larmor precession frequency

v,=/Ho/Ih : o

In the 1aboratory,,magn9tic fields as large as
10,000 gauss are comparatively easy to produce. For H,
of this order and for all nuclei of knownlfk , the
frequencies given by the above expression fall in the
range from 1 MCy/sec. to 50 ﬂc/sec. In 1946 it was shown
that in a sample of protons, for example the hydrogen .
nuclei in water, placed in a magnetic field H,, 1t was
possible to induce transitions between the levels by means
of a radio~frequency magnetic field H1 perpendicular to Hy.
Two independent groups, one at Stanford under Bloch (1)
and one at Harvard under Purcell (2) accomplished this
by different techniques and the field of nuclear radio-
frequency spectroscopy was born. A great deal of inform-

ation on the spinfénd magnetic moments of nuclei has been
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compiled using these or related techniques.

This simple picture 6f nuclei free from inter-
actions .other than with Hb and H; is never strictly true,
but to a good approximation it describes the situation
for nuclei in solutions or liquids. Here the local magnetic
field due to neighboring dipoles and any electrostatic inter-
action is averaged out by the thermal motion of the nucleil,
Recent refined work has showh some lin% gtructure even in

liquids, but we will not be concerned with this topic here.

When the samples containing nuclei are in the form
of solids the picture changes somewhat. Now the nueclei,
except for their vibrational energy, are in fixed positions
and each nucleus experiences in addition to Hy a local
magnetic field due to the neighboring dipoles. Since the
dipoles are oriented in 2 I + 1 different ways the field
produced at. the sites of similar nuclei may vary from H,
by % Hj,eq7 Where Hjgegqy ¢aR b6 of the order of 10 - 20
gauss or more. For example, in some crystals containing
water of crystallization,two or more protons in a closely
spaced group may be much nearer to each other than to
other protons in similar groups. The mutual magnetic
interaction of protons within a group may be strong enough
to split the proton Zeeman line into components (3).

However, in most cases the shift of the levels dus to
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variations in Hyocal 1s diffuse in nature and results only

in a broadening of the observed Zeeman line (4).

The quadrupole moment Q of a nucleus measures the
deviation from spherical symmetry of the nuclear chargs

distribution, being zero for the case of spherical symmetry..

If a nucleus is located in a uniform electric
field'ii it will experience no forces or torques even when
Q# 0. But if Q#0, and at the nuclear site V B#0, the
nucleus experiences a torque and, analogous to the magnetic
interaction described above, there will be a finite number
of possible orientations which the nucleus may take up
with respect to the gradient of the field. The inhomogeneous
electric field at nuclear sites in crystals is generated
by the surrounding charge distribution due toaneighboring
ions and the atomic electron shells and bonding electrons
surrounding the nucleus itself. Quantum mechanical analysis
shows the number of non-equivalent orientations, and hence
the number of energy levels, to be I + 1/2 for the case of
odd half-integral spin. The spacing of the levels involves
Q, I and VE. The exact expression is given in the section
on theory. More detailed theoretical treatment has been
given by Kruger (5), Bersohn (6} and Cohen (7).

The transition frequencies between these purs
quadrupole levels in the cases reported to date cover a

much wider range than the Zeeman transition frequencies,
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ranging from 1.5 MC/sec. to several hundred MC/sec. The
pure quadrupole transition of lowest frequency up to the
time of this thesis was reported by Dehmelt (8) who ob-
served a BlO line in B(CHz)3 at 1.52 MC/sec. at liquid
ailr temperature. Dehmelt has reported a great deal more
work at high (9) and low frequencies (10, 11). Other
results have been reported by Watkins and Pound (12),
Dehmelt and Kruger (13), Dean (14}, Livingstone (15) and
many others, Part III of this thesis is concerned partly
with reporting some new work done in this pure quadrupole

field.

As can be seen from the frequency ranges of the
magnetic and electric transitions mentioned above, the
quadrupole interaction between a nucleus and its surround-
ings may be much larger than, much smaller than, or of the
same order of magnitude as the magnetic interaction betwsen
the same nucleus and a H, of several thousand gauss. Both
these interactions will be present for nuclei of spin I#O0,
quadrupole moment Q# 0, contained in a crystal which has
locally non-cubic symmetry, at the nuclear sites, and
which is placed in a magnetic fisld. Since both involve
the lining up of the spin axis of the nuclel they will
comrete with each other. At the one sxtreme the quadrupole
interaction will be a small perturbation on the Zesman
interaction while at the other extreme the Zeeman interaction
will be a small perturbation on the quadrupole interaction.

Or the two interactions may be of the same order of magnitude.
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A great deal of work has been reported on the
quadrupole perturbation of the Zeeman levels in crystals.
Carr and Kikuchi (16), Bersohn (6}, Pound (17) and Volkoff
et al.(18) have réported tﬁeoretical results in the field,
and the latter two among others have also reported ex-

perimental results confirming the theory.

Theoretical treatments of the Zeeman perturbation
of the quadrupole levels have been given to first order by
Kruger (5), and Bersohn (6) calculated also the secoﬁd
order perturbation. Xruger and Meyer-Berkhout (19) report-
ed observation of this effect in the quadrupole spectra of
As75 and Dean (20) reported similar observations on Cl

quadrupole spectra.

From frequency measurements on observed spectra
in the above two cases, informatior is obtained relating
to .Q of the nuclel concerned and to the magnitude and

orientation of Vi"with respect to the crystal axes.

When the quadrupole and Zeeman interactions are
of the same drder of magnitude, perturbation theory is no
longer applicable and direct but more tedious numerical
calculations become necessary., Lamarche and Volkoff (21)
have carried out this calculation for the particular case
of A127 in spodumene at one particular orientation of the
orystal with respect to Hy. Yor this case they present

complete information on the energy levels, transition

o
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frequencies and transition probabilitises for all values of

Hy from zero field to high fields where the quadrupole

interaction is a small perturbation on the Zeeman interaction.

Part I of this thesls outlines the theoretical

frameworg into which the experimental work fits.

Part ITI describes work carried out on A127, Li6,

Li7 and 8i2% in spodumene in the high field region. This
work was initiated with the following objects: to check
the second-order and third-order perturbation theory
mentioned above, to obtain higher accuracy in the values
of the field gradient constants of spodumene, to check

a proposed new method of spin determination which is
described in the section on theory, and finally to atﬁempt
to improve the accuracy of the Q. / Q sratio previously
reported by Schuster and Pake (22)., These results have
already been published (23, 24).

Part III of the thesis describes work undertaken
with a view to checking the above theory at zero and low
magnetic fields, It was hoped to be able to present a
series of observations extending from zero field to high
fields so as to link the three regions described above with
experimental data confirming the theory. The theoretical-
ly available signal-to-noise ratio is proportional to Hé“
(25) so going to low fields presents serious difficulties.

A super-regenerative spectromster was bdilt and with it
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the A127 central line in spodumene was recorded in a field
of approximately 1100 gauss at a frequency of about 1.2
MC/sec. This represents an extension by a factor of 2 in
frequency beyond the lower limit attained here with other
types of spectrometer, and it is possible that this might
be pushed another factor of 2 lower, but for a thorough
study of the spectra of one type of nuclei in all 3 regions
it is likely that a more suitable combination of nucleus

and crystal will have to be found.

A search for the prédicted pure quadrupole line
of 4127 in spodumene has been méde without success., How-
ever, a predicted pure quadrupole line of Bl in
Na2B4O7.4HQO has besn recorded with this super~regenerative
spectrometer at 1.27 MC/sec.. This represents a pure quad-
rupole line of the lowest frequency reported to date.

This work on Bl lines has not yet been submitted for

publication.
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PART 1 - THEORY

Chapter 1 - Introduction.

This pért of the thesis consists of a summary
of the theory of the nuclear electric quadrupole effects
in nuclear resonance spectroscop&. Although none of
this theory represents original work by the author of the
thesis, nevertheless its inclusién is required to enable
the author to interpret his experimental results presented

in Parts II and III of the thesis.

We consider nuclei in single crystals and in
polycrystalline solids. The magnetic resonanée spectra of
these nuclei will have a 1ine width determined mainly by“
cell-to-cell variations of the local magnetic field due to
neighboring nuclei,and perhaps by cell-to-cell variations
of the electric field gradient due to crystalline imper-
fections and impurities. We will not consider these small
perturbations further, nor will we‘be interested in line
structure of frequency shift due to variations in local
magnetic fields, diamagnetic effects, etc. We will examine
the magnetic and electrostatic interéctions for the cases
when one or both are present and are large compared to

line width.,

Suppose we have a system of nuclei with spin I
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and magnetic moment/u.placed in a static magnetic field Ho'
If there is no V7Ei as in sites of local cubic symmetry,
then I is quantized with respect to the direction of Hy.
Each E}@fnstate of our magnetic interaction dperator
:—/J-H., will be a pure spin-state represented by an
eigenfunction, H,say, where m will take the 2 I + 1 values
+I,I-1, ¢eeey = I. The corresponding energy levels
are equally spaced with spacing proportional to /“-Ho as
shown in the dotted lines in Figure 1 for the case I = 5/2.
Transitions induced by a linearly or circularly polarized
r.f. magnetic field H; perpendicular to H, will occur
between adjacent levels only, Am =f1, Since these
energy differences are the same the resonance spectrum

will consist of a single line.

In the purely electrostatic case (H, = 0) first
consider nuclei with spin I»1/2 and quadrupole moment Q,
located in a crystal at sites where the field gradient
has axial symmetry. This means that if we choose the axis
of symmetry as the z axis, the second derivative of the
electrostatic potential with respect to z, ¢73,'will be the
maximum value of the field gradient; and in the plane
perpendicular to the g.axis, in virtue of Laplace!s
equation and axial symmetry, @, = ¢7?="zl‘ 4)” .

regardless of the orientation chosen for the x and y axes
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in this plane, The existence or non-existence of axial
symmetry of (73515 usually described in terms of a parameter
7(=(¢,,;- ¢”)/¢” where these three quantities are the
values of the field gradient in the direction of the three
principal axes x, y, and z. The x direction is usually
arbitrarily chosen to be that of the smallest value, and
the z direction that of the largest value. For axial
symmetry “-= O. Such conditions occur at particular sites
in hexagonal and tetragonal crystals, Assume Hy, = 0. Then
I is quantized with respect to the axis of symmetry of V-'I—E’:
Each eigenstdte of our gquadrupole interaction operator
F = a‘;v'é = ﬂﬁ?__[a-iz- IG ] is again a pure
4T (2I- 4
spin~-state with eigenfunction 9§", say, and if we restrict
ourselves to the case of half-integral I, the I + 1/2
states will be doubly degenerate, ¢9,,, and $_,, corresponding
to the same energy level, This is shown in Figure I at the
left where H, is zero. Ageain for a linearly or circularly
polarized Hy perpendicular to Hy,transitions occur only for
Am =1 giving a resonance spectrum of I - 1/2 lines. For
I = 5/2 the frequencies of the two lines are in the ratio
221. These frequencies are independent of the orientation

of the crystal with respect to Hy.

Proceeding to the case where both interactions
are present,the theory is simplest for the case when the

axis of symmetry of ﬁ7i€is lined up with H,. Then the two
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axes of guantization coincide and the same eigehfunctions
diagonalize both f&‘ and EF « The total energy is simply
the sum of the individuel energies as shown by the solid
lines in Figure I, but the differences are no longer equal.
Since the eigenstates are still pure states, under the
above mentioned conditions on Hy the selection rule |

Am =%l still permits transitions between adjacent
levels only. But since they are of different frequencies
in the general case the resonance spectrum will consist of

2 I lines.

The situation is not so straightforward if either
one (or both) of the following complications is present.

(a) VE is axially symmetric but this axis is not
1ined up with H,_. |

{b) VE has no axis of symmetry.
In sither of these cases the eigenfunctions of the
magnetic interaction.f? are not eigenfunctions of the
gleetrostatic interaction F and vice versa, We must
seek the eigenfunctions of the sum 3¢4ff} ; which
will not be sigenfunctions of either 5F. or ‘f} taken

separately.

We can distinguish three cases according to the
experimental situation. 1r F <Pwe start with the eigen-

functionsof 'H‘ and treat the 5’ operator as a pertur-

bation. Ifﬂ<<3rwe start with the eigenfunctions of «.7

and treat the 1¥ operator as a perturbation. If F and
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f? are of the same order of magnitude, perturbation
theory is not valid and we have to explicitly find the
actual eigenfunctions of5r4-§#. In the laboratory al-
though we have no control over F  once a particular
crystal has been chosen we have some control overiﬁf
since we can vary H,, and hence in somg cases we may be
able to examine the spectra of a particular nuclear species

in a particular crystal in all three regions.

Chapter 2 - Summary of theory as applicable to the casqézk(fy-

We first introduce complication (&) of having a
§7§rof axial symmetry with the symmetry axis not lined up
along Hy. In this case,each eigenfunction perturbed by
the assumed small electrostatic interaction ZF, is largely
the corresponding Y%n appropriate to ﬁV {quantized with
reépect to H, as axis), plus a small admixture of all the
other states i.e. ;X: ==%§'cm ¥ where the coefficients

C are calculable functions of the angle between the

m

axis of symmetry of §7Erand the quantization axis.

In the more general case of 11#=0,the eigenfunctions
are sﬁill largely the corresponding 9%; appropriate to f%'
plus a small admixture of the other states,but now the
coefficients ¢, are functions of n and of the angles
between the principal axes and H,, If we fix Hy and
rotate our single crystal about an axis perpendicular to

Hy,we then vary these angles with resultant variations in
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the ¢,,s and in the energy levels. It is from an analysis
of this variation that we get information regarding rl
the orientation of V_ﬁ with respect to the crystal axes

and the magnitude of the quadrupole interaction energy.

A detalled theoretical treatment of this case
has been given by Volkoff (26) among others. The electro-

static interaction

'

F =a-(7€ (1)

given by the scalar product of the nuclear slectric
gquadrupole moment tensor with the electric field gradient

tensor is regarded as a perturbation on the Zeeman energy

#=—9£H°I} (2)

and in (26) the calculation 1s carried to the third order
using standard perturbation theory, The frequency
‘Em - Em_ll/h of the m+>m - 1 transition: is given by:

v — Vo

)(VE)Q + Pg(m) :1: (2m - 1) Py(m) + 0()\4) (3)

Vo

= + A2m —

I(VE)QQ2

with Py(m) = co(m) (m) !@Iﬁl ,

(4)

(VE) 0 — ky ( ) 2(_V_E)_6
eq ¢q

_ ky(m) (VE)\E (VE)., + (VE).? (VE)i, (5)
V6 B (eq)’ o

(VE)%,
Pytm) = b(m) | T2 | OBk

——
In equations (3) - (5) the primes on the components of UE

indicate that these are expressed in terms of the laboratory



16.

coordinate system x: y', z' in which z' coincides with Hb.

If eq= ¢” represents one of the eigenvalues of the tensor
¢ZJ: then the other two eigenvalues may be written as

Drx = -eq(l -vl)/z and éy;é ~eq(l + g /2. If the value
of the asymmetry parameter m is restricted to the interval
0€ <1, then b 5‘2?'7‘33 are arranged in order of in-
creasing absolute va;ues. However, the value of 1 need
not be so restricted, and in that case eq is not necessarily
the largest eigenvalue, but merely the eigenvalue which
corresponds to that principal axis which has been arbitrarily
designated as the z axis., Three quadrupole coupling

constants can be defined:

Cy= e Qgyy /o (6)

with corresponding expressions for Cy and Cy. The un-

perturbed Larmor frequency for the nucleus is given by

V,= ]/ulHo/hI = '(‘(‘H,/z.-rr (1) |

Experimentally this fréquency may be defined as the resonance
frequency for the nucleus in question at a site where the
time average of the electric field gradient vanishes, as

is normally the case in a liquid. The dimensionless para-
meter X , which is a measure of the importance of the

quadrupole coupling compared to the separation of the
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Zeeman levels, 1is defined by:

- 3Ca
= 21 (21-1) Ve (8)

The coefficients c;(m) and ki(m) in equations (4), (5) are

given by:

cifm) = 4[(I +HU — §) — 6(m — 3],
co(m) = 2[(L+ $)(I — %) — 3(m — )2,
ki(m) = 121(I + 1) — 40m(m — 1) — 27, (9)
ka(m) = 28I(1 + 1) — 5m(m — 1) — 6],

Ra(m) = 3[8I(I + 1) — 20m(m — 1) — 15].

Il

The signs of the first and third order terms of equation
(3} are both to be chosen (in the case of H, coinciding
with the + z' axis) opposite to the sign of the nuclear
gyromagnetic ratié X . As may be seen from equations (9)
if m is replaced by -(m - 1), so that the -(m - 1) == -m
transition is considered in place of the m«—sm - 1 tran-
sition, the c;(m) and ki(m) remain unchanged. The sign
of the second order term in equation (3) is therefore the
same for both these transitions, while the signs of the
first and the third order terms are reversed when m is
replaced by ~{m - 1). However, since experimentally there
seemsto be no way of distinguishing which one of these

two transitions one is dealing with (except, in principlse
at least, by the use of extremely low temperatures), the

sign of X , and therefore of the quadrupole coupling

constant Cz, will remain undetermined.

In the case of half integral I the resonance line
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has a central component 1/2<— - 1/2, and I - 1/2 pairs

of satellites Me—m - 1 and =(m = 1)« - m with I 2> m> 1/2.
Such a pair shall be identified by stating the largest of the
four m values involved. In the case of integral I there is

no central component, but there are I pairs of satellites

with I=2m> 0. The frequenocy difference between the two

members of each pair of satellites is given by:
/
" v E o 2
- v = 20 A(zm-1) % + AP () + o(x‘)] (10)

The displacement with respect to the unperturbed Larmor
frequency Y, of the center of gravity Um'i (Vv + \)")m/z
of each such pair of satellites, or of the central component,

is given by:

I = Vo = T AV, Blm)+ O(AY) : (11)

As in Ref. (18) we introduce an arbitrary rec-
tangular set of axes X, Y, Z fixed with respect to the crystal,
and study the- relation between the components of‘V_E?in
this system of axes, and in the laboratory system of axXes
x’ ’ y', z', as the crystal is rotated about, say, its X
axis which is kept in coincidence with the y' axis per-
pendicular to Ho‘ The initial position of the crystal,
in which the angle of rotation is zero, is chosen so that

Y, Z eoincide with z', x'. This trensformation may, of
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course, be obtained from the general theory of the rep-
resentations of the rotation group as indicated by
Bersohn (6). However, the results may also be readily
obtained in an elementary way by direct substitution in
terms of Cartesian coordinates following the procedure
of equations (7), (8) of Ref. (18). The transformation

is then given by:
v (VE)o = (dyy + ¢22) + 1(ppvy — ¢zz) COS 205 — 3 by sin 20y,
(VEYar = ol 5 [61s cos 206 + 3(dwr — 22) sin 205)
+ 1 {¢xy COS Oy — gy sin fx}], (12 )
, 113 1 : .
(VE)ir = m[é(tﬁy}’ + ¢zz) — §(¢YY — ¢zz) cos 20y + ¢y sin 20x

+ 21(¢Z_\' COs 0,\' + fﬁxy sin GX)].
Combination of the first of equations (12) with the first

order term of equation (10) leads to the following ex-

pression:
(V’ — V”)X = %(27)’5 - l)(ax + bX COSs 20){ + Cx sin 20;()
= %(2”’1« — 1)[ax + Rx COSs 2(0X il 6‘\')] . (13)
= %(27)’1« It 1)[Lo + LlSX]
with .
ax = Lo+ 3L1 = vo\(pyy + b22)/eq,
by = Ry cos 26x = vo\(byv — ¢z2)/eq, ' (14.)
cx = Ry sin 206y = — 2vAdvz/eq,
RX = %Ll,

SX = cos? (0){ - 6;() .

We may always choose 8)( in the range ~1/2 T <Xx$—g'—,
so as to make Ry > O. A simultaneous reversal of sign

of ax, by, ¢cx and a change of XX by /2 leaves Rx> 0.
Similar expressions for the Y and Z rotations may be ob-

tained by cyclic permutation of subscripts. The quantities
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a, b, ¢, R, $ » Lo, L, are expected to be independent of
m and H,, and can be obtained from a Fourier analysis of

the experimental curve of ¥’ - V” against §

Substitution of the last two equations (12) into
equations (11) and (4) gives the extension of the above
theory to the second order in A o The second order
contributes nothing new to the splitting of each pair of
satellites, but gives a shift of the center of gravity

YV, of each pair and of the central component. Thus,

for the X rotation:

(B — vo)x = nx + px €08 20x + 7y sin 20y + ux cos 40x + vx sin 405
= nx + Py cos 2(0)( — vx) + Ux cos 4(0x — 5X)

(15)

Similar expressions for Y and Z ‘rotations may be thained
by cyclic permutation of the subscripts. The coefficients
n, p, r, u, v, P, U are expected to be inversely proportion-
al to H,, énd to depend on m, and can be obtained from a
Fourier analysis of the experimental curve of ;ln- v,
against é . For a rotation axis parallel to a principal
axis ¥ = 3 holds, and specifies the orientation of a

second principal axis relative to © =0, Fora rotétion
axis perpendiculaer to a principal axis ¥ = § -0 ir @

is measured from the position in which the known principal
axis is either parallel or perpendicular to Ho' In both

these cases of ¥ = 9 equation (15) may be rewritten in

the form

'
L

5 —wo = Ko+ K5 + Kos? (16)
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with s = cos?(Q- § ) and K; related to n, P, U of

equation (15) by:

Ko+ 3K+ 3K,
LK + K, | (17)
TR |

SR
I

|

In a good crystal, in which all the 2I components
of a resonance line are clearly visible, the nuclear spin
I can be obtained simply by counting the line components.
However, as will be explained in Chapter 7, crystal imper-
fections and impurities may so broaden and weaken the
satellites that either none at all are visible, or the
outer ones are so blurred and weak, that in counting the
number of line components one can not be certain that none
have been missed. Nevertheless, as long as the second ordsr
frequency shift of the central component and the frequency
difference of only one pair of satellites (the strongest
innermost pair) can be measured, the nuclsar spin can bs
determined from a rotation about any arbitrary axis by
combining the experimental values of U from equation (15)
for the central component (m = 1/2), and of R from equation
(13) for the innermost pair of satellites (m = 3/2} in the

expression

Uﬁkéﬂl—-@==32wéVR? | (18)

Hers Vo 1is the unperturbed Larmor frequency corresponding
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to the valus of H, at which U has been measured. The

product V, U should be independent of Ho'

If the orientation of some one of the principal
axes of ¢&i is known from crystal symmetry we can use it
as the X rotation axis, and choose Y and Z rotation axes
in the plane perpendicular to it. We choose the X and Y
axes to coincide respectively with the b and ¢ axes of
spodumene. If we do not restrict the value of the asymmetry
parameter w = (Bax - $y3 )/ #3; to the range 0<% < 1 we
may name the principal axes at will., We shall choose the
principal axis coincident with the X rotation axis as the
X principal axis corresponding to the eigenvalue ¢,x=
-1/2(1 ;’l )an . The y and z principal axes must then
lie in the YZ plane., Let § denote the angle betweenlthe
Y rotation axis and the y principal axis corresponding
to the eigenvalus ¢§7 = 51/2(1 *n ) ¢35 . A positive

$ will mean that a positive rotation of the crystal
about the X axis will bring the yz axes into the position
originally occupied by the YZ axes. To analyze the ex~-
perimental data completely we must determine 8 » M
and the absolute value of the Quadrupole coupling constant
referred to the z axis (C,| = [eq #5; /ol . For I = s5/2
the latter two quantities are related to ay and Ry of

equation (13) by:

,7;;=1+R;1(L;Y—‘(;,‘ ]Czl=1§OIRX“ax- (19)
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Since the Y and Z axes are known to be perpendicular
to a principal axis, cy = ¢y =0 -andsY= SZ = 0. If
satellites are visible, then ay, by = Ry, 2y, b, = Ry
are obtainable directly from an analysis of the experimental

curves of the form of equation (13),.and a check on ay

and by = Ry cOS 2% may be obtained with the aid of

the identities:

ay é‘(bY-&x_) - - -}_.-(bz+ a,)

(20)

br = - z(38y + by) = $(3a; - by)

It |c, |, n and § are known from one totation,
the values of v-v’ and 3- \7,, for other rotations are

easily computed, The following formulae for the case of

I = 5/2. are quoted since they will be fequired in Chapter 6.

The first order frequency splitting for the X,
Y rotations are given by the last of equations (13) with

the coefficients L, Ll determined by:

X: Ly =3C, , Ly =-35C503 + 7 ) o1)

Y: Lo =--2%(1-»\)CZ, Ll"%)[u *q)coszs -2\]02

The second order frequency shifts of the inner satsllites

for the Y rotation is given by equation (16) with the
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coefficients Ki as follows:
K, = —2— (3+ vl)2 C; /{500 Yo
K, =—% [21 (5+ 71)+ |3(3+»\)(|—v\) cos” S] C; /800, (22)
= %‘[Zl\— (z+ v\) cos? 2]2 C; /8oo Va

The third order contribution to the frequency splitting

for ths rotation is given for the "inner" satellites

= 3/2} by:
9l u,. . 288 4 4029 + 1137° |
2000 » 2|: 167 TxB@+m) 96 : (23)
251
~ '3 ) R (3 + ) 2 |

and for the "outer" satellites (m = 5/2) by:

9 QT LR (432 + 258y + 379"
Trnn 2l T Jpa X .
1000 16 96 (24) |
+ s¢ (3 + )2—-—~—279 86 _ 3+ n>3§§z]

Bquations (21), (23), (24) give the correct relative sign
of the first and third order contributions to ¥'-=v”, but

the absolute sign will remain undetermined.
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Chapter 3 - Theory for the pure quadrupole case (H, = 0).

The quadrupole interaction operator given in’

equation (1) can be reduced to the following Hamiltonian(13)

5( 41(21 1) [(313" 12)"'(12 _’) ] (25)

—
where X, y, and z are the principal axes of ¢,;l- , I is
the angular momentum operator and @ is the scalar nuclear

quadrupole moment defined in the conventional manner (27)
e@= (11|S ex? (3 cos® 8~ 1)|11) (26)
. [3
In the case of half-integral I the secular determinant

| F o= E S| = 0 (27)

can be factored into two determinants each of which leads
to a characteristic equation of degree I + 1/2 ( 21 ).

The eigenstates defined by each of these sub-determinants
are linear combinations of one of two subsets into which
the functions fm which diagonalize I} may be subdivided.
One set, I say, includes ¥, withm = 1/2 + 2n and the
other, M say, includes ¥~ with m =-1/2 + 2n, where n is

an integer.

The eigenvalues are still doubly-degenerate as
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0 0.4 0.8 1.2 1.6 2,0 2.4 2.8 32 36 40

Fi1c.z. Energy values for I = 5/2, 5 = 0.95 in terms of A== E/eQ¢., as a function of
R=4uH,/eQ¢.z, for 0 < R < 4. Hy is along the z principal axis of ¢;;. The arrows represent
the possible absorption lines, and are numbered from 1 to 9, the first five being the Zeeman
transitions for R > 1. .
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Fig. 3. Transition frequencies V (in Mec./sec.) as a function
of R (or of Hy, = ReQ @33 /4 ). Lines have been
labelled intense or weak in accordance with relative
values of the squares of matrix elements being

greater or smaller than unity on the arbitrary

scale used in Fig. 4.
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Fig. 4. Squares of the matrix elements of the perturbing
operator ( in arbitrary units) as a function of
R = 4/A-HO/GQ' ¢}; °
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for M =0. ForI= 5/2 the secular equation resulting
from (27) is

N a5 (1z+20 A= 7 (1-97)= 0 (28)

where A = EfeQ b33 . When v and the quadrupole coupling
constant are known from magnetic resonance spectra, the
roots of this equation will give the pure quadrupole energy
levels, Lamarche (28) gives approximate expressions for
the roots of equation (28) for small n .- For n = 0.94
as at the A1°7 sites in spodumene, pne root is negative

and very nearly zero and tﬁe other two, one positive and
one negative, are nearly equal in absolute value giving
transition frequencies of .758 MC/sec. and .789 MC/sec.

For small " Townes and Dailey (29) give 2(1 - l.BO'nf )
as the approximate expression for the ratio of the two
frequencies, Another feature differing from the n = o
case is.that due to the eigenstates being admixtures of
states there is a finite probability of a transition
occurring at the sum of these frequencies. Figures 2 and

3 taken from Ref., (21) represent the dependence of the
energy levels and the transition fréquencies on the
magnetic field H,. Figure 4 is a revised version of the

corresponding figure of Ref. (21). The situation des-

cribed above for the mero field case corresponds to the
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left hand side of each of these Figures. In Figure 2,
note that the vertical scale represents energy in units

of the quadrupole coupling constant times h,while tﬁe
horizoqtal scale is the ratio of the'magnetic interaction
energy mH, to the quadrupole interaction ensrgy eQ4#;3/4 .
Recent unpublished calculations by Lemarche & Volkoff
have shown that,while the transition frequencies are
independent of the orientation of the r.f. field H;

with respsct to the crystal, the transition probabilities
are strongly dependent on this orientation. In the case
of 127 in spodumene the relative transition probabilities
for the .758 MC/sec. line for Hj along the x, y and z
principal axes of the ¢&;— tensor at the Al sites are

in the ratio of 70 : 25 : 5.

Chapter 4 - Theory applicable to the rsgion where 51;:;%

In Ref. (21) Lamarche & Volkoff report the result
of some calculafions for the case of A127 in spodumene.
These calculations include the case Hy = O and the partic-
ular case of H, coinciding with the 3 principal axis of
the ¢‘3f tensorl for all values of H,  from zero up to the

region where perturbation theory based on 3‘(?1%'becomes
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accurate, This calculation involved the solving of ths

secular determinant

|(F+ )t = E Smeme| = 0 (29)

for the senergy levels and the computing of the frequencies
and the relative transition probabilities between them.
The results are shown in Figures 2, 3 and 4. The class~
ification of eigenfunctions described in Chapter 3 persists
when Hj is applied along the z principal ax¢s of ‘7i§;each
L class eigenfunction now becoming a linear combination of
Y{¥ , ¥4 and ¥ , and each M class eigenfunction a linear
combination of )‘{g, }‘éf and %4 . The coefficients in
each case are functions of H,,and the character of some of
the eigenstates changes markedly as the field is varied.
For example in Figure 2, while.XT maintains mostly the
character of Y{% throughout,.kt which has mainly the
character of 7”-1/2 at high fields, changes to mainly
3b15/2 in the region of R = 0.8 to 1.8 and then becomes
chiefly 5443/2 as zero field is approached; Note that
the energy levels corresponding to eigenstates of different
classes do cross but those corresponding to eigenstates of
the same class do not cross. The Am=%| rule now indicates
that transitions can occur between any pair of levels belong-

ing to different classes. The resultant transition frequencies
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are plotted vs.-R in Figure 3.

At high fields the eigenstates are chiefly those
appropriate to'ff(qﬁantized with respect to H, as axis)
and only the five transitions designateg_\h't0'05 have
sufficient probability to make the resultant spectral lines
observable. But as the ratio R gets below 3 the percentage
of the other spin functions in the linear combination
characterizing the states becomes appreciable.‘ The relative
transition probabilities for the other four possible
transitions, labelled VY, to Vg , shown in Figure 4

indicate that they should be observable in certain regions.

The effect,on the observed nuclear resonance

spectrum,of rotating the crystal at zero magnetic field

and at high magnetic fields has been described., In ﬁhe'
region where F=F , rotation of the crystal so that H,
is not along a principal axis of VE will in general result
in the eigenfunctions belonging to the various levels be-
coming linear combinations of all the spin functions. Then
in principle transitions can occur between any pair of
levels and a total of 15 combinations are possible for the
I = 5/2 case, Many of these will not be observable because

of low frequencies or low transition probabilities.
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PART II - EXPERIMENTAL

Extension of Results in Spodumene at high Magnetic Fields.

Chapter 5 - Apparatus and Experimental Procedurs.

The recording nuclear magnetic resonance spectrometer,
the eleétromagnet, and the crystal mount used in the work
described in this part of the thesis have been described
fully in Refs. (18, 30). The two crystal samples of
LiA1(Si03), (spodumene) used have also been described else-
where (23). One, designated 2Y, has a volume of about 1.3
c.c. and was rotated about the crystal "“c? aiis which co;
incides with the arbitrarily chosen Y axis mentioned‘in
Chapter 2. This crystal was oriented with respect to the
holder by means of the experimental curve obtained for the
splitting of the inner satellites. This was adjusted to
make 9*,= 0 correspond to the position of meximum splitting.
The other, designated 3X, has a volume of about 1.5 c.c. and
was rotated about the crystal b axis which coincided with the
arbitrarily chosen X axis mentioned in Chapter 2. This
crystal was oriented with respect to the holder using two
well-defined cleavage planes., Their intersection defined
the ¢ axis and the bisector of the angle between these
planes, lying perpendicular to the ¢ axis, defined the

b axis,
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Fi6.5. Projection of a unit cell of monoclinic spodumene on the (010) plane. The b axis,
which is perpendicular to the page, was used as the X rotation axis, and coincides with the
v and x’" principal axes of the field gradient tensors ¢;; at the Li and Al sites respectively.
The Y and Z rotation axes, and the x, z and ¥", 2’ principal axes of ¢;; at the Li and Al sites

respectively are shown in the diagram.
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A projection of the structure of spodumene on the
(010) plane is given in Fig. 5. A detailed description of
the structure is given in Ref. (18). A color photograph
of a 3-dimensional model of the unit cell is shown in Piate
I. The Li, Al, Si and O nuclei are represented respectivély
by the blue, red, silver and yellow balls.,

Frequency measurements were made using either a
General Radio 620A Frequency Meter or a BC-221 A Frequency
Meter, and a communications receiver. Regular frequency
markers were made on the chart by zefo Beating the spec-
trometer oscillaﬂor with the frequency meter. Frequencies
corresponding to zero derivative were then measured directly
from the charts using linear interpolation between these
markers. Where a knowledge of V, was essential as in
the Ym — Yo curves, V, was checked periodically by removing
the crystal and inserting a test tube of aluminum chloride
solution. In the experimental results in section A and B
below it is estimated that the individual frequencies
could be measured to ¥ 1 KC/sec. and the angular positions
of the crystal sample to =¥ 1/2° relative to an arbitrary
zero on the crystal mount scale whose position with respect

to the magnetic field could in turn be determined to I 1%
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FiG, 8. Selected traces of the recorded derivative of the AI*” absorption line in spodumene
sample No. 3X at Hy = 6130 gauss corresponding to vo = 6.806 Mc./sec. (a) 6x = 86°,
Sweep rate is approximately 54 kc./sec. per division. The lines and their approximate fre-
quencies in Mc./sec. are from right to left: “‘outer” satellite of Al*" line 6.458, “‘inner” satellite
6.585, central component 6.769, Cu® line 6.930, second “inner’ satellite 7.009, second “outer’’
satellite 7.307, Cu®® line 7.420. The Cu lines are not symmetric because some dispersion mode
is mixed in with the absorption mode owing to the phase shift of the H r-f. field penetrating -
the metal of the oscillator coil. The more abundant Cu® isotope gives the stronger line.
(b) 6x = 100.2°. Sweep rate is approximately 27 kc./sec. per division. The lines and their
approximate frequencies in Mc./sec. are from right to left: central component of Al*[ine
6.756, the two coalesced “inner' satellites 6.794, the two coalesced “outer” satellites 6.903,
Cus? line 6.930. (c¢) 0x = 100.5°. Same as b, except that both pairs of coalesced satellites
have begun to split up.
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Chapter 6 - Experimental Results and Calculations.

A. Inner satellites of'A127 in spodumens.,

The results on the inner satellites in conjunction
with Petch's (31) results on the 4127 central line were
recently pﬁblished (23). They are presented below much as
they appeared in Ref. (23). In making the final calculations
for the constants of spodumene the best experimental values
were chosen from both sets of results. In reproducing this
material those parts of Petchts results incorporated in the

calculations are necessarily inciuded.

The following theoretical conclusions were verified.
(a) If, and only if, second and higher order effects are
negligible a crystal position can be found for which all
the line components simultaneously coalesce at the un-
perturbed Larmor frequency Vs . In the A127 line in
spodumene the components do not all coalesce for any crystal
position, indicating an appreciable second order effect.
(b) In the absence of measurable third order effects, but
irrespectively of the presence or absence of second order
effects, the first order splitting V'— v’ between two
members of a pair of satellites should vanish in a crystal
position which is the same for all satellite pairs for
a given line, and which is independent of Hy. Fig. 6 shows
representative traces obtained with sample No. 3X, described

in Chapter 5, in three positions in a magnetic field of
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H = 6130 gauss, calculated from the known gyromagnetic
ratio for A127 and the measured value of Vo= 6.806 MC/sec.
for A127 in aluminum chloride in solution. At Oy = 86"
the five components of the 3127 line are widely separated
and are clearly visible in addition to the two lines dus
to Cu63 and Cu65 in the oscillator coil winding. As the
erystal is rotated about its b axis (chosen as the X
rotation axis) the copper lines remain at their fixed
frequeneieé, while the components of the A127 line
gradually change their position, By the time 9x= lOszo
has been reached the lower frequency member of each pair
or satellites has crossed over to the high frequency side
of the central component, and has coalesced with the
other member of the same pair as shown in Fig. 6b. The
coalesced pairs lie at frequencies recorded in Table 1l.

TABLE I

DEPENDENCE ON THE MAGNETIC FIELD Hp OF THE FREQUENCY SHIFT 7 — p»o OF THE CENTRAL
| COMPONENT AND OF THE CENTERS OF GRAVITY ¥ — py = 4(v' + /) — vy OF THE “INNER'’ AND
“‘OUTER"’ SATELLITES OF THE Al*’ LINE IN SAMPLE No. 3X IN THE POSITION fiy = 100° IN WHICH

THE SPLITTING »' — v’/ OF THE SATELLITE PAIRS VANISHES

Central component “Inner” satellites “Outer” satellites
(m = §) (m = 3/2) (m = 5/2)

Yo, th 1 / Ve,

rela-
gauss | e U —wo, (7 —wo,[o' =v""=0|T — vy, [T — v, =0""=V[T — v, [V — vg,

I_)l
Mc./ | Mc./ | rela- Mec./ Mc./ | rela- Mc./ Mec./ | rela-
sec. sec. tive sec. sec. tive sec. sec. tive ]

-.092 —.019 . 181
3.662.| 3300 |1.000| 3.570 | 2=.001]|1.000| 3.643 | =+.001|1.000{ 3.843 | +=.001|1.000

‘1 —.050| 0.54 T | —.012] 0.63 : 097 0.535§
6.806 | 6130 [ 0.539| 6.756 | =.001| =.01| 6.794 | +£.001| +.06| 6.903 | =.001|=.005 '

: ~.035] 0.38] ~.008 0.42 068 0.376
9.884 | 8903 | 0.371| 9.849 | +.001 | +.01{-'9.876 | =:.001| =.05] 9.952 | -.001|s.005

sec.

[+]
A further small rotation of ths crystal to Qx==100.5

already produces & noticeable tendency of both coalesced
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satellite pairs to split as shown in Fig 6p. Thus the
position of zero splitﬁing can be found with considerable
accuracy, and as expected turns out to be the same for both
the "inner" (m = 3/2) and the "outer" (m = 5/2) satellite
pairs. The magnetic field was then changed to Hy = 3300
gauss and Hy = 8903 gauss, corresponding to V, = 3.662
'Mc./secf and Vv, = 9.884 Mc./fsec, respectively. The position
of zero splitting was determined for each of the three

values of Hy used, and was found to differ by not more

than l/2°between the two extreme values of H, used. This
indicates that third order effects must be quite small at
this erystal position.

(c) In the absence of measurable fourth order effects the
magnitude of the second order frequency shift V- Vo of the
central component, or of the center of gravity of a pair of
satellites, should be inversely proportional to HO for a
given crystal position, and for a given line component should
have the same form of dependence on the angular position of
the crystal independently of Ho’ Sample No. 3X was used to
obtain the data recorded in Table I corresponding to the one
position in which the first order splitting vanished for both

satellite pairs, so that v/ = 'v” = v in both cases. 1In
’ "

all cases V- v, is inversely proportional to Y,

within experimental error.
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Figs. 7 and 8 represent respectively the ex-
perimental values of V'-V"” and ¥ -Vo = 1/2( V' ") =V,

for the "inner" (m = 3/2) satellites of the Al27

line as
a function of O, for the Y rotation of sample No. 2Y.
The magnetic fileld H, was held constant at approximately
5862 gauss'corresponding to the observed Larmor frequency .
for_A127 in aluminum chloride of Vo= 6.508 MC/sec. The
zero of the OY scale should be chosen at that position
of the crystal in which the X(or b) axis is perpendicular
to Hy. This position was accurately located‘by making
the observed v'- v” curve of Fig. 7 symmetrical about this
point, This same crystal position was also_chosen for

6, = 0 for the ¥ -V, curve of Fig. 8, Since the
accuracy of each experimental point is * 1 ke./sec., and
the total variation of the curve is less than 30 kc./sec.,.
any seeming lack of symmetry of this curve about § = 0’
905 180, etc., is not significant. The alignment df the
rotation axis at right angles to the magnetic field wés
achieved by adjusting the crystal holder until the two
peaks of the ¥'=V"curve of Fig. 7 separated by 180°
became of the same height. A very slight tilt of the
rotation axis with respect to the magnetic field produced

a difference of as much as 15 kc/sec. in the heighﬁ of the

two peaks.

A Fourier analysis of the curve of Fig. 7 was

made up to the sixth harmonic., The amplitudes of the terms
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The poi&ts of Figs. 7, 8 replotted as a function of
sys cos“ Oy . Each point of Fig. 9 is the average of
four symmetrically situated points of Figs. 7,8. The
solid straight line A is (V' - Vv")y = 25.7 + 290.2sy
which represents an empirical fit %0 the points of
Fig. 9 resulting from a Fourier analysis of the
curve of Fig. 7. The solid curve B is the theoretical
curve ( V = v, )y = 16,2 = 28.7sy + 1,9SY2 calculated
fraﬁ the data o%tained from curve A,from the central
A1¢! line X rotation in Ref. (23), and from
spodumene sample 3X. The experimental points lying
on curve B are uncertain by * 2 kc./sec.
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of periods predicted by the first of equations (13) for the
Y rotations were: Cy = O by the choice of the origin, and
ay = 170.8 £ 0.5 ke./sec., by = R, = 145.1 £ 0.5 ke./sec.

The r.m.s. value of the amplitudes of all the other harmonics
was found to be 0.43 kec./sec., which differs from zero by
less than the experimental error. Expressing this in the
linear form of the last of equations (13) we obtain L, =

25.7 % 1 ke./sec., and L; = 290.2 £ 1 ke./sec. The solid
line A of Fig. 9 shows this straight line which has been

empirically fitted to the experimental points of Fig. 7

replotted against s coszé9y « Each point of Fig. 9

is the average of the four points at ¥ 6; t(m+0)or
Fig., 7. The points of Fig. 8 are similarly replotted in

Fig. 9. The experimental accuracy in this case does not
justify an attempt to obtain an independent empirical set

of constants in equation (16) to fit these points. Instead
of this, the theoretically expected values of these constants
were calculated from the data obtained from the preceding
curves, as described Below. The solid curve B of Fig. 9

is this caléulated curve which shows that the observed

points are consistent with it.

Some information on the "inner" (m = 3/2) satel-
lites was also obtained from the X rotation of sample No. 3X
in a field of Hy = 6129 gauss corresponding to V,= 6.804

Mc./sec., Zero splitting was observed at Ox =100°% 1°and



37.

Qx = 192° * 1. The expected positions for maximum split-
ting are then midway_at Qx = 146: and 90°from the latter
position at Qx= 236: The ohserved splittings in these two
positions were V=V’ =X (885 % 2) and 7 (856 * 3} kec./sec.
respectively. Neglecting at this stage any third order
effects, whose possible influence will be discussed at the
conclusion of this section, substitution of these data in
equation (13) gives: § - 56'¢ 1, 8y = -14.5 * 4 kxc./sec.,

Ry = 879 * 4 kc.fsec., by = RK cos 2'8 = -326% 30 kec./sec.

Table II lists the values of a, b, R obtalned
directly from the Y and X rotations of crystals 2Y and 3X
respectively, and also computed from the above observations
with the aid of identities (20). It is seen that the a
and b values obtained from the two rotations agree within
experimental error., Sample 3X provides a value of Ry,

while sample 2Y provides better wvalues of RY and RZ than

sample 3X.
TABLE IT

. VALUES OF @, b, R (IN KC./SEC.) IN EQUATION [I3]REQUIRED TO FIT THE OBSERVATIONS ON
saMpPLES 2V, 3X. FoRr saMPLE 2VY, ay, by WERE OBTAINED FROM A FOURIER ANALYSIS OF
(¥ — v'')y GIVEN BY THE POINTS OF FIG. 7] FOR THE ‘‘INNER'' SATELLITES. THE REMAINING

‘COEFFICIENTS WERE CALCULATED FROM ‘THE IDENTITIES[20]. FoR saMpLE 3X, ax, Ry, AND
5 = 56° & 1° \WERE OBTAINED BY OBSERVING THE POSITIONS AND AMOUNTS OF MAXIMUM

' POSITIVE AND NEGATIVE SPLITTINGS (¥’ — »'')x. by WAS COMPUTED FROM by = Ry cOs 25,

. . ' AND THE OTHER QUANTITIES FROM THE IDENTITIES[20]

Sample 2Y Sample 3X ’
| Axis b'e Y z X Y -z
| Calc. Obs. Calc. Obs. Cale. Calc.
| ¢ | —1321.0| 171 £0.5 |-158+1.0| —14.5+x4| 170£15 | —156 =15 '
b |-320£1.0| 145205 | 184+1.0] —326+30| 142215 184 = 15
I R — 145+£0.5 | 18410 870x4 | 14215 184 = 15
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We now apply the theory of Chapter 2 to determine the
absolute value of the quadrupole coupling constant lCJ,
the asymmetry parameter LI and the principal axes orien-
tation of the_¢;j tensor at the.A127 sites in spodumene,

TABLE III

SUMMARY OF ayx, Ry, 8, | C; |, # FROM OBSERVATIONS ON;TWO SPODUMENE SAMPLES

T Line” ax, Ry, s, 1C. 1, 7
Sa:np{g ) compop@}t_( . kc./sec. kc./sec. degrees |° kc./sec.
3X. | “Inner” sat. | y=ldH 4| 870 4 - | 56 &1 2047 +20 | 0.93 £ .02
I 2y “Inner’ sat. | —13 £ 1.0 | (870 =4) | 56.1 .2 | 2943 = 15 [0.941 = .005

The results are collected in Table III. In the

first case values of § , ax and Rx are already givén in
Table II and |CZ‘_ and w are calculated using equations (19).
In the second case the results from Table II combined with
Rx from the first case give better values of ayx, and of

8X= 1/2 cos™L ( bX/Rx) = 56.l° ' 0.20. Again ‘Cz\ and
‘-are calculated using equations (19). The best values
are seen to be those from the last row. These values were
substituted into tgé coefficients of equation (16} given
in equations (22) to give curve B of Figure 9. The
following expression was obtained in which the frequency
is in ke./sec.

2

vV - Vo )v: (le.3¢ 2) - (2872 4)s+ (192 )s (30)

As mentioned above, the observed polnts are

~
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consistent with this curve B but recalculation of similar
coefficients for the central line Y and Z rotations in-
dicated the possibility of a systematic error in the form
of a misalignment of the rotation axes in the crystal
samples. In the analysis it is assumed that the three
rotation axes are mutually orthogonal, whereas actually
they could be slightly tilted with respect to their inten-
ded positions. In view of this, the estimated l{hits of
error are increased and the values finally adopted from

Table III are:

) | C.| = 2050 & 20 ke./sec., 7 = 0.94 £001, 5 = 56° £ 4°. (31)

We conclude this section with some remarks on
the size of the third order effects relative to the first .
order effects in the X rotation of crystal 3X. Sub-
stituting into equations (13), (21), (23), (24) the constants
of equation (31), and V,= 6.804 Mc./sec., corresponding
to Hy = 6129 gauss used to obtain the data of Table I at
zero splitting of both pairs of satellites, and the data
leading to part of Table II at maximum splitting of the
tinner®" satellites, we obtain the following expressiouns
for V'~ V” ( in ke./sec.) in which the first and third

order contributions are bracketed separately. For the
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inner satellites we have:

(' — #")x = (885 — 1753sx) + (—1.53 + 79.Lsx — 236sx* + 15555") | (32)
|

and for the outer satellites:

L (v = '¥")x = 2(885 — 1753sx) + (—0.3 — 146sx + 440sx* — 293sx7). (33)

The third order contributions in equations (32} and (33)

have greatest deviations from zero near s, = 0,2 and

X
Sy = 0.8 amounting respectively to about +6 kc./sec. and

-10 kc./sec. in the former case, and -14 kc./sec. and

+ 14 kc./sec. in the latter case. However, at the position
_6f.zero splitting from the first order term ( sy = 0.5),

the third order contributions are only -1.5 and +0.1 kc./sec.
respectively, and thus within experimental error do not
influence the data of Table I, At the positions of maximum
splitting of the satellites the third order contribution

to the "inner" satellites is -1.5 kec./sec. at s, = 0, and

X
-3.4 kc./sec. at Sy = 1. These values were used to arrive
at the quoted estimated errors of the measured maximum

splittings.



41,

B. Experimental check on new method of spin determination.

The spin of the A127 nucleus is known from Ref. (32)
to be I = 5/2. The five components of the resonance line
visible in Fig. 6a would confirm this if we were sure that
no weaker satellites had been missed, To convince ourselves
that no weak outer components of the line have been missed,
and to illustrate the new method of spin determination
proposed in Chapter 2,we apply equation (18) to the values
of U from Petch's work on the central line, and the values
of R from Table II. The values of U were as follows:

Ux = 25.6 £0.1, UY'= 0.86 ¥ 0.1, U, = 1.05 % 0.1. e
set Vo= 7.453 Mc./sec. in eguation (18) and compare the
possible values of (I + 3/2) (I.- 1/2}y = 3, 8, 15 cor-
responding to I = 3/2, 52, 7/2 respectively, with the
experimental values of 32 iLU/Rz, which for the X, Y, 2
rotations are respectively 8.05 % .10, 9.7 £ 1, 7.4 1.
Thus the values of spin higher than 5/2 can be definitely
excluded, and the visible five components confirm I = 5/2
for A127, The large uncertainties in the experimental
values of 32 \)DU'/R2 for the Y and Z rotations are caused
by the large uncertainties in U, UZ. These are poorly
known because in this particular crystal the tensor ¢;{
is such as to give only a very small cos 40 contribution

to the frequency shift for the Y and Z rotations.
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J

. 6
C. Ratio of the Quadrupole Moments of Li and Li7.

Schuster and Pake (22) reported a value for the
ratiO'of the magnitudes of the quadrupole moments of L16
and Li7 calculated from the quadrupole splitting of the Li6
and Li7 magnetic resonances obtained from a single crystal

of spodumene, Thelr crystal was mounted so as to rotate

about its ¢ axis.

The Li7

quadrupole interaction in spodumene has
been examined in detail in this laboratory by Volkoff,
Petch, and Smellie and has been reported elsewhere (18).
This investigation yiselded complete information on the
orientation of the principal axes and the degree of axial
asymmetry of the field gradient tensor at the sites of the
Li nuclei. The results show that meaximum splitting of the
Li lines is obtained when the crystal is mounted to rotate

about its b axis. This exceeds by 11.5% the largest split-

ting obtained by a rotation about the ¢ axis.

With a crystal so mounted; and oriented to give
the maximum splitting of the i lines, the splitting of
the Li6 lines was observed. The measurements were made at
room temperature in a field of about 8900 gauss. The res-
olution obtained is shown in Fig. iO, and represents an
improvement over that reported by Schuster and Pake. It

is felt that the improvement is sufficient to warrant a
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recalculation of the quadrupole moment ratio., The im-
provement is due partly to the increase in the AV being
measured and partly to a better signal-to-noise ratio which
allowed the use of a smaller modulation amplitude. The
measured traces were recorded with a modulation amplitude
equal to approximately one-sixth of the line width ét half
maximum., A reduction of'this modulation amplitude -by a
factor of 10 produced no appreciable further improvement

in resolution.

From equation (10) since only first order effects

are present here

AV /DY, = +Xr/A =% Q /Qq (34)

or
|Qe/07\ = 2 av/ay, (35)
Using AN, in each case, A, was measured to be

75.7 * 0.5 kc./sec. in agreement with the quadrupole
coupling constant ede/h for Li’ reported in Ref. (18}.
A Jg was then obtained without moving the crystal by
measuring the frequency difference between the positions

6

of zero derivative of the two Li® lines., The lines in

Fig. 10 and other similar tracings seem to be well enough
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resolved so that the tail of one does not contribute to the
peak of the other., The value of A Vg obtained from 30 such
measurements is 2.18 ¥ ,05 kc./sec. The quoted error is

the statistical probable error.
This gives (Qg/G,l 2 (1020.1)x 102 (36)

which is significantly lower than the value (2.3 ¥ 0.2)x 1072
reported by Schuster and Pake., The quoted uncertainty is
slightly greater than twice the statistical error. The
values of neither Qg nor Qq separately appear to be known

at present (33).

D. Observations on the 8129 Resonance.,

Since the resonance spectra of A127 and Li7 and
Li6 in spodumene had been examined in this laboratory, it

29

was decided to look for the Si resonance just for the

sake of completeness.

si?? is believed to have a spin of 1/2 (34) and
hence a zero quadrupole moment but Sands and Pake (35)
cast some doubt on this when they reported a spin deter-
mination for si27, Comparing the intensity of its
magnetic resonance absorption with that of 1127 seemed
to indicate 3/2 as the correct value. They also referred
to anomalous results obtained by the Stanford group.

Watkins & Pound (36) however, suggest that the 1127
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intensity observed by Sands & Pake in the XI crystals might
have been reduced to.a fraction of the expected value due
to internal strains in the crystals. They have observed
such effects. Hatton, Rollin and Seymour (37) observed a
single weak resonance line in beryl (B63A12816 018) which
they concluded was due to 5127 and reported that there

was no detectable shift of the resonance on rotation of the

crystal with respect to the magnetic field.

The 8129 resonance consisting of a single line
was observed in a field of about 8930 gauss at approximétely
7.575 Mc./sec. The signal-to-noise ratio of the line was
about 30:1 and there was no evidence of further lines. A
rotation was carried out and no shift or splitting was
detected. This would seem to add to the existing evidence

29

to confirm the spin of Si“’ as 1/2.
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Chapter 7 - Discussion.

As outliped in the Introduction, the objectives
in undertaking the work described in Chapter 6 were: to
check the second order and third order perturbation theory
results for the dependence of the resonance frequencies
on crystal orientation, to obtain higher accuracy in the
values of the field gradient constants of spodumene, to
check a proposed new method of spin determination, and

finally to attempt to improve the accuracy of the

Q6 /Qy7 ratio.

The check on perturbation theory was obtained for
a compléte rotation of the crystal in the case of the “inner"

satellites of the A127

line in spodumene, and for a few
selected positions of the "outer" satellites. It indicated
that second order terms were adequate to describe the

shift of the centre of gravity of the inner and outer

" satellites and that third order effects in the splitting
of the inner satellites were of the order of 1% of the
first order effects at fields of the order of 6000 gauss.
In the case of the Y rotation on the inner satellites,

the maximum first order splitting amounted to 316 kc./sec.
and the third order effects were ignored since they were

of the same order of magnitude as the experimental un-

certainty. A complete rotation for the outer satellites
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was not attempted.} For some crystal positions these were
weak, necessitating long time constants, with correspond-
ingly long observation times and it was felt that the
agreement with theory was good enough at the several
selected crystal positions that no further useful in-

formation would be obtained from extending the measurements,

The values obtained for the field gradient
constants in spodumene quoted in equation (31) above are
slightly more accurate than those obtained previously by
Dr. Petch from the central component analysis alone, but
the limits of error are still greater than are inherent
in the method. However, the considerable effort involved
in determining the crysﬁal axes more accurately and in
orienting them more accurately with respect to the axes
of rotation doesn't seem justified at present in view of
the lack of any theoretical estimates of the same quantities

to which they could be compared,

From the quadrupole coupling constant, when Q
is known from other sources, an empirical value can be
obtained for |(5ﬂ‘ . Such empirical information onl(bn‘ ,
on the asymmetry parameter " and on the orientation
of the field gradient tensor principal axes, would be
useful for comparison with theoretical predictions,

calculated on the basis of specific models assumed for
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the crystal, if such calculations were available. Such
comparisons would enable one to decide whether the bonding
in a particular crystal were largely of the ionic, or
the covalent type, or intermédiate between the two. No
theoretical calculations of the crystalline fields in
spodumens have been attempted here but, in a private
communication, Prof. Bersohn of Cornell University has
reported that some preliminary work for the spodumene
and Al,03 cases was done at Cornell by one of his
students. This indicated.that the calculations would be
of prohibitive length unless an electronic calculator
were available, and they are trying to arrange for the

uss of one.

The experimental check on the new method of
measuring nuclear spin indicates that this method will
give an unembiguous spin determination. The method depends
on the quadrupole coupling constant for the nucleus in
question being large enough to maeke the second orders
effect in the angular dependence of the resonance frequency
measurable with fair precision. In particular, one nust
be able to compare the amplitude of the fourth harmonic
term in the second order effect with that of the second
harmonic term in the first order effect., Thus, that axis

of rotation of the crystal should be chosen which empheasizes
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the fourth harmonic in the second order effect, and then
the first order effect should be observed for a rotation

about the same axis.

When referring, in Chapter 2, to spin determinations
by counting line components, the statement was made that
satellites might be broadened and weakened by crystal im-
perfections and impurities., This effect was observed by
Petch et al., (23); in the first crystal samples used only
the central Al127 line was observable. This is most likely
caused by a spread in thé local values of §7frat the
various Al sites throughout the crystal due to such im-
perfections and impurities, In accordance with equations
(13) and (15) the central component (m = 1/2) of the line
has no first order dependence of the resonance frequency on

§7iﬁ while the satellites (m = 3/2 and 5/2) do show first
order effects. Therefore local variations in (735 from one
nuclear site to another will produce a much greater broad-
ening of the satellites as compared with the central
component, and may smear them out so as to maeke them un-
observable. A similar explanation has been offered recent-
ly by Watkins and Pound (36) to account for the anomalously
weak intensity of resonance lines of some nuclei in cubic

crystals.

The ratio of the quadrupole moments of the lithium

isotopes is calculated from‘the quadrupole coupling constants
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by cancelling the ¢33 term in each. In cancelling out the
¢;,3 term we have assumed that the field gradient tensor at
the L16 and Li7 sites is the ;éme. The two types of nuclei
will be in equivalent crystallographic positions, of course.
But the field experienced by the nucleus is a combined one
due to the neighboring ions plus that due to the atonic
electron shells and bonding electrons surrounding the nucleus
itself. This latter contribution may perhaps be slightly
different in the case of the L16 and Li7 nuclei. In the
first approximation if the two nuclei are considered as
point charges there should be no difference at all. How-
ever, considering the finite size of the two nuclei, and
the different charge distributions on each ( as evidenced
by the large differences in the experimentally observed
quadrupole coupling constants), it is possible that the
wave functions are distorted to some extent by the finite

6

i
nucleus by amounts which differ in Li~ and Li ., This may,
in principle, give rise to a small difference in ¢” at

the two sites.

If the bonding of Li in spodumene is assumed to
be of purely ionic type, then the only effect of the local
spherically symmetric electron distribution of a Li% ion
on 467} will be to screen out partially the electric field
due to neighboring ions. Prof. Bersohn, in the private

communication referred to above, estimates this shielding
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+
effect in the Li case to be of the order of 10%, It seems
reasonable to assume that the difference in this shielding
between the two isotopes will be an order of magnitude
smaller., In view of this, the limits of error placed on
the quédrupole moment ratio, amounting to about * 5% ,

~seem adequate.
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PART III ~ EXPERIMENTAL

Pure Quadrupole Spectra

Chapter 8 - Apparatus and Efperimental Procedure.

A. -Super-Regenerative 0Oscillators - General.

It was decided to attempt to observe the pure
quadrupole spectrum of A127 in spodumene. Calculaetions of
Lamarche and Volkoff (21) showed that the spectrum should
consist of two lines of medium strength at 0,789 and 0,758
Mc/sec. plus a much weaker line at the sum of these
frequencies. ¥From their calculations on transition
probabilities,and other calculations (25) on theoretically
available signal-to-noise an approximate calculation of
the signal amplitudes to be expected was made. In the
work at high magnetic fields reported in Part II,which
was carried out with the spectrometer previously con-
structed by Collins and improved by Petch,the size of the
magnet gap had restricted the size of the crystal samples
to about.2 c.c., For such a sample, the calculation in-
dicated that the signals would be only of the order of
the noise. Since there would be no such restriction
on sample size in the pure quadrupole case,it was

hoped that the gain in signals by increasing the samples
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to 50 - 100 c¢.c. or more would be sufficient to bring them

above noise level,

Larger samples would require a higher r.f. power
level to give the same energy density in the sample volums.
Also it was felt that the r.f. power levels being used.
in the Collins spectrometer were meny times below what
the crystal samples would stand without omnset of saturation.
Since,in the absence of saturation,the absorbed power is
proportional to the r.f. power incident on the sample, a
gain in signal-to-noise should be obtained by increasing
the power level, providing that there was not a proportionate

increase in the noise generated by the oscillator.

Regenerative oscillators of the Collins' type (18),
or of the Watkins and Pound type (38), operate besﬁ at low
power levels and the noise figuré deteriorates as the level
is increased, so that nothing can be gained in signal-to-
noise ratio in this way. Super-regenerative oscillators
have been shown (20,39) to operate well at high power
levels and can be swept in frequency. They have some
obvious disadvantages,including a complicated frequency
spectrum which‘produces extra spectral lines that may be
difficult or impossible to resolve in the case of wide lines
at low frequencies. But in view of the fact that the

quadrupole spectra of lowest frequency (as low as 1.5 Mc,/sec),
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which have been reported in the literature {(8), have been
recorded using a super-regenerative oscillator, the decision
was made to build a spectrometer of this type in the hope
that it could be made to operate at frequencies eveﬁ below

1 Mec./sec.

A super-regenerative oscillator is a pulsed
radio-frequency oscillator., It consists of & resonant
circuit and a regenerator tube, plus a means of turning

the oscillation on and off.

This is commonly accomplished by applying a
periodic voltage wave from an external oscillator or
pulse generator directly to the grid of the oscillator
tube. The quenching wave, as it is called, may be a sine
wave, square wave, sawtooth, or of more complicated
form. The effective conductance seen by the resonant
circuit will be a function of time, g(t), alternately
positive and negative, and equal to the sum of the
posifive conductance representing the inherent and
coupled losses of the tuned circuit and the negative
conductance supplied by the regenerator tube. Some control
of the relative durations of the positive and negative
periods is desirable and this may be accomplished by
biasing the oscillator tube and varying the quenching

wave shape.

The quenching action, when g(t) is positive,
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erases the sffect of the previous cycle, reducing the voltage
across the tank circuit to the order of thermal noise voltages.
The off-time is usually made long enough compared to the
decay time constant of the tank circuit (of the ordér of

10 to 15 times it) to allow the amplitude of the oscillations
to fall to this level, As the quenching is withdrawn and
glt) goes through zero, oscillations will be initiated

by the voltages remaining in the tuned circuit and the
envelope of these oscillations will rise exponentially

as g(t) becomes negative. The tube is left on long enough
to include many r.f. cycies and for the purposse of this
description we will assume that it is left on long enough
for the oscillations to level off at the saturation

amplitude Up,y. This is called the logarithmic mods.

The time taken to reach Upgyxy depends sehsitively on the
minimum amplitude Up;, from which the oscillations build

up. When signals from an external transmitter are present,

the average U

mins consisting of signal plus noise, is

increased and the time average of the oscillation
amplitude increases. Any modulation of the signal will
appear as a change in this time average and may be de-

tected, amplified, and presented using standard procedures.

Analysis (40) shows that the output is a

greatly amplified reproduction of the signal-plus-noise
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amplitudes. If a perfect square-wave quenching voltage

is assumed, the gain is given in Ref. (40) as:

Gain = q maxaL/R”ln(V + Vg)/Vy
where T = the quench freguency
L = tank coil inductance
R = net series tank resistance = R + R,
R = series loss resistance of tank circuit
Ry = negative series resistance representing

the regenerator tube
Vn = noise voltage at instant that oscillations start
VS = s ignal 1] 1 11 u " "

6

This gain can be as much as 10°., TFor a sine-wave quenching
voltage the gain is higher. The same gain law holds but is
more difficult to apply since Rq can not be assumed constant.
The effective RT is smaller but the maximum fq is also
smaller,

In Refs.(41,42) a slightly more general treatment
of the super-regenerator 1s given. Expressions are developed
for selectivity and sensitivity which can be applied to any
quench wave form. In (41) Bradley concludes that the
narrowest band and greatest sensitivity as well as the best
signal-noise ratio appear to be obtainable with a conduct-
ance function g(t) of the following form: g(t) has a:large
positive value for the quenching period, which is made as

short as is consistent with thorough quenching. This is
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followed by a period in which g(t} = 0. This period is
made as long as possible. In the third period g(t} should
become quite negative very quickly so as to give maximum
amplification of the voltages existing at the end of the
second period. The third period should be as short as is

practical.

The spectrum of the r.f. output of a super-
regenerative oscillator is very complex. If the quench-~
ing is not complete (éo that there 1s coherence between
the r.f. oscillations in successive pulses), the spectrum
consists essentially of a central carrier frequency with
side-band frequencies, of decreasing intensity, displaced
by integral multiples of the quench frequency fq. The
intensity distribution will not, in general, be symmetrical
about the carrier frequency and the rate of fall-off in
intensity will depend on the @ of the circuit. In
addition to this amplitude modulation there is a frequency-
modulation effect:, of much smaller order, since the

resonant frequency depends on tube voltages, damping, etc.

If queﬁching is complete,so that there is no
coherence between pulses, in the absence of signals the

spectrum will be continuous and extend over approximately
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the same band-width as in the coherent case. Now if signals
are present,the phase relationship between successive

pulses is determined by the signal and the spectrum 1s again
a sét of discrete frequencies but the apparent carrier

frequency is now a function of the signal frequency.

The above description of a super-regenerative
receiver has been given, purposely, in terms of receiving

radio signals from an external transmitter.

The detection of nuclear resonance absorption
by a super-regenerative spectrometer can take place by
two different processes. When a sample is placed in the
tank coil and the oscillator frequency is swept through
the resonant frequency, assuming the magnetic field or
the frequency is being modulated in the usual way, the
absorptive or 7("component of the nuclear susceptibility
produées amplitude modulation of the carrier which may be
detected by standard methods. This process is not related

to the reception of radio signals referred to above.

Roberts (43) suggested, that in addition to this
effect, there might be voltages induced in the tank coil
by precessing nucléi as in the nuclear induction technique.
These voltages would play the same role as signals from an
external transmitter and the analysis for this process would

be the same as for radio reception. It now seems to be
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accepted that this is the important process,for the case of
incoherent operation (39) at least. Dean (20) gives coﬁ-
vineing arguments in favor of this picture and also feelg
that it is the important process for coherent operation.
However, Williams (44), Gutowsky ét al. (45) describe

their results in terms of the straight absorption process.

The voltage induced by the precessing nuclei is
given byAU=~4‘ﬂ‘X”Q’o( U,sx Where Q,f is the quality factor
of the tank circuit and &£ is alfactor somewhat less than
unity correcting for the intermittent nature of the r.f.
field H, and for variations in H1 throughout the coil
volume. An essential part of this picture is that the
transverse relaxation time T; be long enough so that a
large degree of the spin coherence obtained during one
on-period remains at-the beginning of the succeeding on-
period. The off-time for a typical case (10 to 15 times
the decay time constant) is of the order . of 10 /-~ secs,
The inverse line width zm/¥aHgives a measure of the
trarsverse relaxation time. For the Al lines in spodumene
using the observed line width of the order of A H = 10 gauss
this is of the order of 100 4 secs. or about 10 fimes the

necessary off-period.

The spectrum in this case in the presence of

signals, will consist of discrete frequencies because of
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the apparent coherence introduced by the signals. As the
oscillator is swept through the region of a nuclear
resonﬁnce each of these frequencies, when coincident with
the transition frequency, will produce a resonance signal.
A single-line nuclear resonance spectrum will then appear
as a multiple-line spectrum, the number of lines depending
on the band width of the tuned circuit and the quench
frequency fq. The line shapes depend on the phase relation

between A Uand Upip and in general will be mixtures

between absorption and dispersion curves.

B. The Super-Regenerative Osgillator Used.

The circuit of the super-regenerative oscillator,
which was constructed, is shown in Figure 11. The basic
circuit was designed by Dean (20) for use in the region
of 30 Me./sec. éuitable modifications were made to allow
its use in the region of .75 Mc./sec. to 3 Mec./sec. 1In
addition to these modifications, provision was made for
‘operating the oscillator at low f.f. levels and a r.f.
amplifying stage was added, préceding the detector, for
low level operation. This is by-passed for high level
operation. | |

The oscillator is the grounded-plate version of
the Colpitts oscillator. The quenching action is as follows:
the two halves of a 6J6 (V1,2), in parallel, have their cathodes
tied to the cathode of the oscillator tube, V3.’ The 6J6



61.

plates are by-passed to ground for r.f., When a positive
pulse from the external quenching circuit is applied to

the grid of V1,2 the additional cathode bias shuts off V3,
since its grid-leak condenser does not discharge immediately.
The time constant of the grid leak must be short enough

for the bias to recover before the quench is removed but,

of course, long enough so as not to be able to follow the

r.f, oscillations.

At the same time as V3 1s cut off, the cathode
input igpedance.of V1,2 is shunted across part of the tuned
eircuit. This large positive conductance shortens the decay
time constant of the tank circuit and aids in quickly damping

out the free oscillations.

It is important that this impedance should not
have any damping effect during the oscillation:. portion of
the cycle and to insure this, the grid of V1,2 must be
'made_very negative - of the order of - 150 volts. A
fixed bias that may be set from O to -90V is provided by
a battery and potentiometer. The overall positive to~
negative swing of the quench voltage wave should be about

150 volts.

The vibrating condenser in parallel with the
tank circuit provides a means of frequency - modulating

the oscillator. This is an alternative to field modulation



62,

that is convenient for oscilloscope presentation of strong
resonances, Dehmelt (39) has also used this type of
modulation for chart recording of resonances but it is not

as satisfactory for this as is the field modulation.

A variable capacity-divider, following the tank
circuit, allows some control of the fraction of the tank
voltage applied to the grid of the r.f. amplifier V4, or
to the grid of the infinite impedance detector V5. The
time constant of the R and C combination, in the cathode
ov V5, is selected to allow the cathode to follow the pulse
envelope. Biasing considerations will be the main factor
in determining R, but its value should be chosen so that
the C giving the desired time constant is not too small.
There is a greater tendency for V5 to act as an oscillator
if this C is small. The capacity-divider referred to agbove
decouples V5 from the tuned circuit to a certain extent

and also helps to prevent such oscillations.

The output from the cathode of V5 is fed into
a 4-section,RC filter network which ihtegrates the pulse
areas. The time constant of these is chosen to suppress
the quench frequency. Part of the output from the cathode
of V5 is taken to a pulse-output terminal., This is dis-

played on an oscilloscope and i8 an essential aid in
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adjusting the oscillator. The output from the network
will contain, chiefly, frequency components centred
about the modulation freguency, fne This is amplified
in a low gain audio stage, V6. Following V6 is a second

filtering network similar to the first and another low

gain audio stage, V7.

C. The Quenching Circuit.

The quenching circuit shown in Figﬁre 12 is also
a modification of one used by Dean (20). The input to the
circuit is provided by a Hewlett-Packard audio oscillator.
For the work described here, the frequency of this input,
£qs véried from 2 kc./sec. to 20 ke./sec. but with minor
modifications the circuit was used for quench frequencies

up to 100 kec./sec.

The first three triode sections (V1, V2, V3}
square the sine-wave input. They are followed by a dif-
ferentiating network. The resulting positive and negative
pips appear at the grid of V4 which has a fixed negative
bias, well below cut-off. Therefore only the positive
pip affects the tube current. The 1N34 diode was added

across the 39K resistor to suppress the effect of the

negative pip further.

The output pip from V4 triggers the "one-shot"
multivibrator formed by V5 and V6. ith no input, V5 is
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cut off and V6 is conducting. V5 and V4 have a common
plate load. Thus the positive pip at the grid of V4
appears as a negative pip at the plate of V5 and the

grid of V6, initiating the change to the metastable state.
Tha duration of this state is determined by the R and C
values in the grid of V6 and the setting of the potentio-
meter in the grid of V5. The output, taken from either
plate, is then essentially a square wave in which the
relative duration of the positive and negative pbrtions

may be varied.

In Dean's original circuit this square wave
formed the quenching voltage, After some amplification
and smoothing in V7, it was rounded somewhat by a 10K
resistor and the capacitance of a short length of cable,
before being applied to the grids of the 6J6. This ar-
rangement was also tried here, before the modifications
shown in Figure 12 were made, The combination of
differentiating and integrating networks, shown following
the multivibrator, was inserted in an attempt to reproduce
an approximation to the optimum conductance wave form
described by Bradley (41). The values of R and C were
chosen so that the M"differentiation® and "integration"
would be very poorly done. The resulting wave shape was

then amplified in V7 and applied to the 6J6 grids.

A comparison of the signels obtained with this

quenching wave shape and with the "rounded square-wave"
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was made in the case of D signals from Do0 displayed on
the oscilloscope. No marked difference was noted., However,
the author feels that no fair comparison can be made on

the basis of this brief check,

The circuit as shown was used for the work

described in Chapter 9.

D. Modulation Methods.

Figure 13 shows a block diagram of the spectrometer.
With the exception of the method of modulating the signals,
the recording systems used for the pure quadrupole work
were similar to the one used in the magnetic resonance work
and described in Ref. (18), No further description of
them is needed here. The method of field modulation

used for the magnetic resonance work is also described

in Ref. (18).

To record the pure quadrupole resonances, an
on-off square-wave magnetic field at 44 c.p.s. was applied
to the sample. During the on-period,the resonance is
smeared out by the Zeeman splitting of the levels and
44 ¢.p.s modulation of the signal results. There 1s no
particular significance in the choise orf 44 c.p.s. as the
modulation frequency. Because of the time ccnstant of

the modulation coils,a square-wave field is more easily
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produced at low frequencies. An available audio amplifier,
originally tuned at a higher frequency, tuned at 44 c.p.s.

after minor modifications, so this frequency was used.

In some cases the field was applied by means of

a solenoid; in other cases Helmholtz coils were used. The
intensity of the smearing fields was about 25 gauss as this
was the maximum obtainable with the equipment as it was
first set up. This field seemed adequate‘for smearing the
0135 resonancses, as observed on the oscilloscope, but it
is not so ceftain that it is adequate in the case of wide
linés. Dehmelt (39) uses smearing fields of about 100
gauss, Watkins (38) reported using field intensities of
about 25 gauss on N14 resonances but these were very

narrow lines and the "negative wings"™ were guite pronounced

indicating incomplete smearing.

The current for the modulation field was supplied
'by a 110 volt battery or d.c. generator. The d.c. voltage
was applied to the plates of a bank of 19 - 6AST's in
parallel. The modulating coils plus a variable'fesistance
formed the cathode load of the 6AS7's. A square-wave
voltage with a peak-to-peak amplituée of about 200 volts
was then applied to the grids, cutting the tubes off for
half of each period. To supply the square-wave,a Hewlett-~
Packard audio oscillator was used to supply the input to

| a simple square-wave generator circuit (46). The output
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of this was fed into a Williamson amplifier (47}, which was
provided with a dummy load matched to the output impedance
of its step-down output transformer. This assured best
reproduction of the square wave input. The square-wave

to drive the 6AS7 grids was then:taken, via a coupling
capacitor, from one side of the output transformer
primary, where the voltage amplitude is about 25 times

the secondary output voltage.

E. Freguency lMeasurement.

Accurate measurement of nuclear resonance
frequencies in the case of chart-recorded signals is difficult
to attain. The method,described in Chapter 5 for the c.w.
oscillator,is not suitable because of the possibllity of
confusing the various harmonics with the central frequency
and because the frequency in each case is not sharply de-
fined, but “"fuzzy", dus presumably to frequency-modulation
effects., This makes it impossibie to get a sharply defined
zero-beat with a fréquency meter. If the quench is turned
off, the c.w. oscillation frequency can be measured, but
this again does not coincide exactly with the central

frequency when the quench 1is on.

The method used was as follows: The oscillator
drive and chart drive were stopped simultaneously. The

quench was then turned off and the ¢.w. frequency located,
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Then the quench was turned on again and the central frequency
was measured as accurately as possible and a marker was made.
This process was repeated in the neighborhood of the
strongest resonance and linear interpolation used as

before.,

Chapter 9 - Experimental Results.

A. Preliminary testing of the spectrémeter.

The super-regenerative spectrometer deécribed in
the previous chapter was first tested for low-freguency
operation as a magnetic resonance spsctrometer using the
magnet and mcdéulation equipment described in Ref. (18).

The crystal used, in most cases, was the milky spodumene
crystal referred to in Chaptef 7, with which only the
central A127 line was visible, This was chosen because

the multiple-line spectrum produced by the super-regenerator
is easier to interpret if it is due to a single nuclear
resonance, and at this time we were chiefly interested in

studying the operation of the spectrometer.

As was expected, it was found that much higher
values of Hy could be used without saturating the samples.
With the c.w. spectrometers (30, 38) the H, applied to the
sample is usually a few milligauss. With the super-

regenerative spectrometer r.f. field intensities of the
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Fig. 14.

Selected derivative curves for A127 and Li7 in
spodumene, recorded with the super-regenerative
spectrometer. Figs.l4a and 14b were recorded using
a magnetic field of 1500 gauss corrgaponding to an
unperturbed Larmor frequency for AlS! of Vo= 1,686
Mc./sec., In Fig. l4a the central Al2! line in the
milky spodumene is recorded at about 1.6 Mc./sec.In
Fig.14b the central and inner satellites are shown
centered at about 1.6 Mc./sec.The quench frequency
in each case is 10 kc./sec. The frequency scale in
Fig.l4a is 25 kc./sec, per division and in Fig.l1l4Db
is 50 kec./sec. per division. Figs.l4c and 144 were
recorded -using a magnetic field of 1100 gauss cor-
reggonding to an unperturbed Larmor frequency for
A1°T of V,= 1.193 Mc./sec. and for Lil _of Vo= 1,780
Mc./sec, Fig,l4c shows the central Al27line in the
milky spodumene at about 1.2 Mc./sec. The quench
frequency was 7 k¢./sec. and the frequency scale is
abgyt 12.5 ke./sec. per division. Fig.l4d shows the
Al rgsonance centered at about 1.2 Mc./sec. and
the Li' resonance centered at about 1.78 Mc./sec.
The frequency scale averages about 150 kc./sec. per
division and the quench frequency is 15 kec./sec.

to face page 69
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order of 0.5 gauss or more have been used without apparent

saturation of the A127 resonance in spodumene.

The central Al line from the milky spodumene
crystal was observed at several values of the magnetic
field H,, the lowest value used being about 1100 gauss.

For comparison, a few traces were recorded using a clear
crystal of spodumene, in which satellites were visible.

The volume of this crystal was slightly less than half that
of the milky crystal. Representative traces are shown in
Figure 14. Tﬁe traces of Figures l4a and 14b were record-
ed in a field of about 1500 gauss. Figure l4a shows the
central A127 line obtained with the milky crystal at about
1.6 Mc./sec. In Figure 1l4b, obtained with the clear crYétal,
the central line frequency is approximately the same, The
signal amplitude is down mainly because of reduction in
sample volume., One "inner" satellite is visible but the
other is so close to the central line that the super-
regenerative satellites of each overlap. Figure l4c

was recorded with the milky crystal using a field of about
1100 gauss. The approximate frequency of the A127 resonance
in this case was 1.2 Mc./sec., Figure 144, also recorded at
1100 gauss but with the clear crystal, is reproduced here

as an indication of the stability of the spectrometer. The
frequency range covered in the trace is over 600 kc./sed.

At the right are the A127 resonances centered at about
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1.2 Mc,/sec. and at the left are the il resonances centered

at about 1.78 Mec./sec. The signal amplitudes are down

because of the high sweep rate.

It is of interest to compare the signal-to-ﬁoise
obtained with this spectrometer, for example in Figure 14D,
with that obtained with the Colling spectrometer using a
sample of comparable size. At 2.3 Mc./sec., the signal-
to-noise of the Al?7 central line with the latter épectrometer
wes about 2:1, . At 1.6 Mc./sec. the theoretically-available
signal-to-noise would be a factor of 2 lower than at 2.3
Mc./sec. so the central line would be down to the order of

the noise,

Having established that the super-regenerative
spectrometer would detect coﬁparatively weak nuclear |
resonances at frequencies as low as 1 Mc./sec., the test~
ing was discontinued and searches for pure quadrupole

resonances were begun.

B. Pure Quadrupole Spectra.

The search for the pure guadrupole A127 resonances
in spodumene, the calculated frequencies of which wers 0.758
Mc./fsec. and 0,789 Mc./sec., has so far been without success.

7

A search for one of the pure quadrupole A12 resonances in

A1203, predicted to occur at 0,718 Mc,/sec. and unsufcessfully
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searched for by Pound (17), has also been made without success.
Polycrystalline samples, with volumes ranging up to about

500 ¢.c., have been used. The author feels that, although
these resonances are probably gquite weak, they might be
detectable with the super-regenerative spectrometer when

more experience is gained in the operation of the spectrometer

at low frequencies.

The spectrometer has detected a pure guadrupole
resonance at 1.27% .01 Mc./sec. 1in Na2B4O7.4H20 (kernite).
Mr. H., Waterman, in this laboratory, is investigating the

magnetic resonance spectrum of Bll

in kernite,in a

magnetic field of about 7000 gauss. Preliminary results
indicate that there are 4 non-equivalent boron positions

in a unit cell. An analysis of the dependence of the
frequencies of the Bll lines, on crystal orientatioq for

one of these four positions, gave an estimate of the quadrupole
coupling constant and of 1 - From these values,a pure
guadrupole transition was predicted at a frequency of

1330 ¥ 80 kc./sec. A private communication,from Prof.

W. Proctor of the University of Washington,states that

Mr. Blood of that'Department has calculated a pure guadrupole
line at 1250 ke./sec. on the basis of his high field
measurements. The transition observed is consistent with

this predicted line but definite assignment of this

observed line to Bll can not be made without further



Fig. 15.

A recorded. pure quadrupole resonance in Na,B407.4H,0,
In Fig. 15a the quench frequency is 15 kc.?sec. an
the frequency scale about 29 ke./sec. per division.
In Fig. 15b the quench frequency is 2 kc./sec. and
the frequency scale the same as in Fig. 15a. The
measured frequency of the peak in Fig. 15b is 1.27
Mc,./sec. and the pattern in Fig. l5a is centered at
this same frequency. The pattern of the resonance in
Fig. 15a is complicated due to the fact that the
resonances are a mixture of absorption and dispersion
curves which are not completely resolved and not
completely smeared out during the "on-field" part

of the modulation cycle,

to face page 72
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23

investigation, The magnetic resonance spectrum of Na in
kernite has not yet been exgmined. It 1s possible that
Na2? might give rise to a pure quadrupole resonance in.this
same region. Prof. Itoh, of Osaka University, in a private
cormunication,has predicted on the basis of high field work
a NaZépure quadrupole transition of 1.23 Mec./sec. in
Na23203'5H20' Since the values of l¢3)l remain of the same
general order of magnitude in various compounds of the same

general type, the possibility that the observed transition

is due to Na2’? cannot at this stage be excluded,

Recorded traces of the observed resonances are
shown in Figure 15. In Figure 15a, with a quench frequency
of 15 kc./sec, the super-regenerator satellites are not re-
~solved. In Figure 15b the gquench frequency has been reduced
to 2 kc./sec. This has caused the super-regenerator satellites
to fall within the resonance line but has also reduced the
gain by a factor of 4 or 5. The pronounced "negative wings"

are believed to be due to an inadequate smearing field.

The quoted uncertainty in the freguency of this
line has been made quite high because of the difficulties

in frequency measurement discussed in Chapter 8.

The observation of a pure quadrupole line at 1.27

Mc./sec., which is the lowest pure quadrupole frequency
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reported in the 1itefature to date,concludes the preliminary
stage of the investigation of the suitability of super-

regeneratiﬁe detectors for the observation of pure quadrupole
spectra in this low frequency region. Further extensions and

applications of this technique will be left for future

investigations.
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