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ABSTRACT

The Zeemén splitting of nuclear quadrupole resonances is discussed and
a formula given for the split resonance frequencies as a function of the angle
between the perturbing magnetic field and the symmetry axis of the crystalline
electric field. The direction of this axis in the crystal can be found If the
electric field does not have cylindrical symﬁetry then for certain angles the
spectrum becomes simplified and the directions of the three principal axes of
the electric field gradient tensor can be found as well as the degree of as-
ymmetry of the electric field,

These resonances are observed with the aid of a super-regenerative osci-
1llator, A brief desdription of its operation is given as well as some signal
to noise ratio considerations for wvarious methods of detection of the resonances.
' The spectrometer used is described.

The Zeeman spectra of the nuclear quadrupole resonances of Br81 in single
crystals of Zn(Br0O)y +6H20  and Co(Bp03)2+6H0 are observed. The accuracy of
the observations is.discussed and the conclusion is reached that within the error
of the experiment the crystalline electric fields have cylindrical symmetry with
four different directions of the symmetry axes in the crystal. They are parallel

to the{})lj‘} crystal axes. The crystals have cubic structure.
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CHAPTER 1.

ZEEMAN SPLITTING OF NUCLEAR QUADRUPOLE HESONANCES

Nuclear quadrupole resonances may be observed in a system where there
exists a nucleus possessing an electric quadrupole moment located in an el-
ectric field which possesses a constant average electric field gradient. The
resulting interaction energy depends on the orientation of the nucleus in the
electric field., Transitions between adjacent energy levels may be induced by
a radio frequency field which interacts with the nuclear magnetic dipole mom-
ent,

The nuclear charge distribution has rotational symmetry. Aléo, the el-
ectric fields found in erystals, where the requirement of a constant average
electric field gradient may be met, often have cylindrical symmetry to a first
approximation. The effect of higher order derivatives of the electric field on
the interaction energy is too small to be observed,

The observable interaction energy of the system is:

Uf gl [Bees'®- 41V, W

2
ch is the quadrupole moment

where

69 is the angle between the quadrupole symmetry axis and the
electric field symmetry axis and

V,5 is defined by equation (%)

For example, consider the energy of orientation of a linear electric quadrupole

where Vg, constant, If the four charges are initially at the origin and then

moved to the position shown in the diagram
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*ﬁ” (the quadrupole is in the
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If the z-axis is a symmetry axis then
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gravity of the energy levels which cannot be observed in these experiments
and will be neglected. Hence the usual formulation of the interaction energy
is

UAPRYT RS [Vt

The quantum mechanical energy levels of the system may be found by replacing
Me

Cos © by ———— (vhere I is the spin of the nucleus)
VI(L+1)

and
kA
C\Q by'q 4, Q since the usual definition of the quadrupole

moment is
1,Q ES 9(32’“—)1‘) dr
v

S? is the nuclear charge density

where

X, is the distance of the volume element A from the
center of the nuckus
Z 1is the projection of U on the axis of symmetry of the
nucleus.v
Also it is customary to use the projection of the quadrupole moment on the

axis of quantization when this projection is a maximum. So we replace

avy Qo 2(T+1)
(21 -1)

. (3’ - L(I+1)
Uon} b ODQI 4 T(2T -1) (1)

where the symmetry axis of the electric field is the axis of quantization.

The energy levels are given by

Zeeman splitting of the energy levels occurs when a homogenous magnetic
field H is applied to the system. For our purposes the interaction energy

between the nuclear magnetic dipole moment/g and the magnetic field will be



For convenience we set

2V v () v, (B v
éXL >X20 vxx J ayl)y:o yy g 62.‘ 2:0 e
so using equation la

DA Vet gV s (o

It is mathematically convenient to us a potential V for the interaction energy

such that

Vix + Vyy = Vaz =0 &)

Now there is an electron charge density at the nucleus so we have
' (3]

Vie + Vo, +V, = Vi ¢ Vo« Vo (1)

{
where V is a new potential representing a sphericslly symmetric field, That is

o L U]

NV

XX Yy iy
Ye can rewrite equation T as

i { ] 4 [ 1]
V¥x~\/xx v \/YY*\/ * ~\/u_ vzz -0

or

where
( [

\/‘X = vxx - vxx etec. (8)
Using equations (Y L) )(5‘) ) &(9)) and (8) we find
UE - %Ql ( %: gcste ~ -(13 \/{2 N G“%Z \/;; (ﬁ)
In nuclear quadrupole resonance experiments we are interested in differences
between energy levels, The first term in equation Lq) will give a set of energy
levels whose “"center of gravity" is constant, i.e. the arithmetical sum of the

energy levels is zero, The second term represents a shift of the center of
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mich smaller than the unperturbed interaction energy. In this case the per-

turbing energy U: is

!U” =7”11£Iﬂ‘°°5@ (11)

Me
w’nere@ is the angle between the applied magnetic field and the nuclear mag-

netic dipole moment. The energy levels of the system are given by

Un, = Y, * U,

Me Me
= A3m: - D) + Lme S os @ (12)
where
3 C},QI Vaz = }_A__H_ = h H
Z(xI-1) / g 21 2

In this e:cpem.ment T= ;i and, in fact, the magnetic interaction
energy in the state M : = i is too large to be considered as a perturbation

of the electric interaction energy. The Hamiltonian for the case L = 2.

is, in general :
3 +35es O \f§§5in®tk¢, V3 A ) ©
\Efsk'n@e_—w,—gﬂﬁ-gcos@ , lgsweﬁié) ! \rﬂq
V3 Ay , A8 5@ < *® =30 -5ces O \FSZSW»OQ
@) , V3 Any , V3T sm® evw *3A -38 s O (12)

Where @ and CP are the polar angles of the magnetic field with respect to
the axis of quantization and if
l VxX‘ < ‘\/YY\ 4 \ \/2?_\ then the asymmetry

parameter 'YL is defined as
noo Y = ¥r (14)
Nz3
For /r(‘= O and § KA the only important off diagonal matrix elements are

those connecting the M, = _]i states and the Hamiltonian is

38 + 35 cos @, o : o " , @
o C L3RS ws® , A5swm B e , o
B , 25 sm®e™? | -3A-5 s ® o

O o o 437 -350sB

7 /



The roots of the secular equation are

A, = 38 ¢ 38 s @

Ag = 3A * $(os’@+4sim® a)*
A —39-§(cos®+q§\7\ @)
Ay 3 - 33 s O

"

]

i)

and for the allowed Amf t | transitions five resonances are expected but that

with frequency of the order of .5.. will not be considered. The four re-

sonance frequencies are given by(l"igure 1)

~ 3§ Cos @ * §(&os ® L\S\hlg) (15)

The curves of the Zeeman s—lit resonances are symmetrical about the un-

split frequency 6A . The two resonances with the smaller frequency splitting

are called the '"inner lines'" and the other two resonances are called the 'outer
lines",

In general the secular equation for the energy eigenvalues is

AN = Nfiog «iedvon's]

F AN E-4gAS + T2A M@ - 29 Aq§ st ® os2b }
+ FLA" + AN « SEAYY — JOR S 4108A"S st @
+7§7.+/8ﬂ f~3(,,€],z§5mo

+~72 §° F]"Z S tn @cosl¢> ()
= 0

A simplification to a quadratic in /\ occurs i the coefficient of /\ is made

zero. This corresponds to two resonance frequencies being the same, or that
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the inner and outer lines coincide. This coefficient is zero when

/VLCoslgb = 3 - % (17

St O
If 71 =0 the inner and outer lines will coincide when
s T (@ = %— (\7\9‘3
then the roots of the secular equation are given by
A" 58 4 9R° Vst riosA'st

Y
If§<< R and using the expansion (HK\" = | +5 for small X then

the four roots are
A, 3 + V3§ o+ )3%2
Avs =30 + V35« &
Ay = 3R -V3g - &
A= 3R -Bg - 3y
and the three resulting resonance f:gequencies are given by
Aw = 6RA + 3 &% . (3)
hw = 60 *2V3s + % =
If 4 #O the inner and outer lines will coincide if

7 ws2d - 37 F (74

The directions of the three principal axes of thetensor describing the electric

1l

i

field gradient may be found by first examining the splitting of the inner lines
to find the direction of the z-axis,

When the magnetic field is along the z-axis the Hamiltonian becomes

30+ 335 V3 Am , @) , O
R , ~3RA -3 , o , _©
V?cfz , o . -3R+ % EEERL
o) , o , ERakd , 2/ - 353

and the roots of the secular equation are given by

/\: +§ + k/‘(gl+/2f—\§+‘7ﬂz+3ﬂ‘,‘7:.

-



and
A= -5 t /457 = 12AF +9A+ 3R
Using the expansion ( | + IY" = |+ % - %2 for small X the energy levels
re (3 / 2 2
) 3H(‘ *%‘)iﬁ-,_l_g___ + & 4 25 i
| VR A (1e g =
A= 30T e 25 -5 - 28 =
%) ((+ 4_‘2) A% S
Az = ‘3/"7 +”) -25 __ +§ -2585°
((+2L"‘ Yo 39(“'2%‘)3’2 3
’ 2
/\ = _7)9((+2L>1_ - ? + _Z__L__Z__}/ /—)lz
q (\~ 1z.)v 39\(\+"ﬂ§) 2 2

and the resulting resonance frequencies are given by

ho = Qg(wn;)l’z + 43 L 4% T (194)

. NGEDE 3A(E) e 3
l 2 2
Reo = 6O () £ 25+ At ()

3R+ )
for any value of { and to the second order in the magnetic field, then the
magnetic field is parallel to the z-axis the frequency difference between the
inner lines ié a maximum (from symmetry considerations of the Zeeman spectra)
and is equal to ng

The value of /?(_Q,ez\ld) = 3 - _Z\*__ KD\OQ)
Sim*®,

may be determined by observing the argle @), at which the inner and outer

lines coincide. Then rotating the system% radians about the z-axis, the
value of . 2
-qsm2e = 3 - m% (20,)
may be determined. Then ¢
—_
- 12 H - 1L
T=4/)" ‘ome see, | sera @)
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Using equations(zoa)'(m\)and 1) the x and y- principal axes may be found.

For example, once the inner lines of the spectra are identified from a
general inspection of the split lines, the crystal can be oriented so that the
frequency difference between them is equal to 4 § « This determines the dir-
ection of the z-axis (formmla(4L)). In practice this may be difficult, how-
ever, the directions of the z-axes in the crygtal can often be determined from
symmetry considerations,

Once the direction of the z-axis is found the directions of the x-axis
and y-axis can be found as mentioned previously by using formulae (20 c\) ) (20 Q
and (’)\‘3 . Alternatively, it is possible to rotate the crystal about the
2-axis and determine the x-axis and y-axis directions, as well as ’}Z , from

the maxima and minima of the splitting of the inner componen’c.s.l
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CHAPTER II

THE SUPER-REGENERATIVE OSCILLATOR

Nuclear quadrupole resonances may be observed by placing a suitable
crystalline sample in a solenoid which has an oscillating voltage of the
proper frequency applied to it. The internal field of the solenoid can be
considered as the superposition of two magnetic fields rotating in opposite
directions, The sample will absorb energy from the magnetic field by means
of the coupling between the magnetic field and the nuclear magnetic dipole
moments, GClassically, the resonating nuclei can_be pictured as precessing
around the z-axis of the electric field. About half of the nuclei will teﬁd
to be aligned and rotating in one direction while the others will tend to be
aligned and rotating in the other direction. Energy will continue to be
absorbed as thermal motions tend to dephase the precessing nuclei and if the
oscillating voltage is removed the net magnetization will decay with a time
constant QfQ characteristic of the sample while it is inducing a voltage in
the solenoid., For maximum coupling the axis of the solenoid should be at
right angles to the electric field z-axis.

To observe the Zeeman splitting of nuclear quadrupole resonances the
sample must be a single crystal because of the frequency dependance of the
split lines with angle between the electiric field z-axis and the applied mag-
netic field, Also, since the magnetic field removes the ! m_ degeneracy of
the energy levels, only one rotating component of the solenoid field will

cause the nuclei to precess. This is the same as in nuclear magnetic resonance.



In practice this solenoid forms part of a tunelcircuit tuned at the
resonance frequency and the production of the oscillating voltage and the
observation of the resonance can be accomplished by a Super-regenerative
oscillator. A super-regenerative oscillator is an ordinary oscillator which
has a periodic voltage applied to one of its electrodes so that the oscill=
ations occur in bursts. This periodic voltage is called the quench voltage,

An idealized super-regenerative oscillator using a square wave quench

voltage can be described by the following egquivalent circuit
e

G -G i 2 %G‘ :lfc %L. G, <O

L,C, G, represent the tuned circuit and L is the sample coil. The osci-

1lator circuit may be adjusted so that the conductance supplied by the tube,
Grz_" Gl is negative.
T

The action of a square wave quench voltage of period is to open and

close the switch S' . When the switch is closed at € = O the oscillations

will be given by

v T =&t -
Yo (t) = \/o Q. Cos(i*c - 0<1) t (11&\
where : A '
T I X e
2C 2.C

When the switch is opened at time % the oscillations will be given by

A S d =
) = Ve T T cos (4 —:xj)@ 7Y (224)
. _

S Lt

If rT‘/Q_ is long enough, the oscillator will saturate and the envelope of the
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oscillations will become flat witb a constant voltage V& (gf) « This
mode of operation is depicted in Figures 2.and 3.

If at time T ny .

a -z :
V&(i) € .> \CL _ 'AAcng

where'VL is the average amplitude of the noise voltage in the tuned circuit
the oscillations will start up again from this voltage YV} fqﬂ) and cohefent
operation will result. (Figure 2a, ). However, if V¥, (T') is much less than
V@L then the oscillations will start up from the rahdomly phased noise volt-
age present and incoherent bursts of oscillations will result (Figure 2b.).

The frequency spectrum of the oscillator energy is a Fourier £ransform
of the time variation of the energy present in the tuned circuit. Without a
sample, in the c0hérent state the frequency spectrum consists of a central
line with a number of sidebands separated by the quench frequency. (Figure 2¢.).
As the tuned circuit is wvaried in freguency the set of 1in§§ will shift ace-
ordingly in frequency.

In the incoherent state the frequency spectrum is a continuous noise
spectrum with the shape that of the frequency response curve of the tuned cir-
cuit:to a first approximation and the half-power points are separated by the
bandwidih By , of the tuned circuit (Figure 2d. ) where

ig; = C}1//121T(L
corresponding to a noise bandwidth

Esm. = G;ﬁ//ﬂ C

Mso as the tuned circuit is varied in frequency the peak of the noise spectrum

shifts accordingly in frequency.
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The behaviour of the super-regenerative oscillatar which, without a
sample is operating in the inccherent state,is somewhat different with a
sarmple present in the solenoid. When the switch ﬁ; is closed at { = O the
oscillations build up and energy is absorbed by the sample and the nuclei
caused to precess as described previously. ‘hen the switch is opened at
€ = Ti there is, in addition to the voltage given by equation Q1) , a volt-
age induced by the precessing nuclei

L)

G(t) s V() e "7y coswglt-T)  (ad)
where LOQ is the frequency of the nuclear quadrupole resonance.
At time 11 the oscillations will start up from this voltage and coherent
oscillations will fesult with the frequency of oscillation determined by (J, .
The radiated energy has a frequency spectrum similar to that for coherent oper=-
ation without a sample except that as the tuned circuit is varied in frequency
the center line and sidebands stay constant in frequency but their amplitudes
will change because of the tuned circuit frequency response. (Figure 3.).

The relaxation tine of the sarmple T, must not be too short otherwise the
signal Y, will be less than the noise voltage ¥, and inccherent operation will
result. The most sensitive point of operation would seem to be that where, with-
out a sample, the super-regenerative oscillator is almost entering the cocherent
state. This point can be reached by adjusting various circuit parameters such
as feedback, quench voltage and frequency, and electrode potentials.,

The signal to noise ratio of a resonance will be determined by the signal
voltage across the resistor@?d, as well as the effective noise voltage per

1
unit bandwidth)® acrossG, and the effective noise bandwidth B, of the detection
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system. Since the signal voltage is T
~ ~ =
() = V(%) e 2% coswg (k- ) (24)

the mean square signal voltage is
—_ m

-2
2 _ I - =
Vs - ‘V; (’i) e Ta
2.
and the mean square noise voltage is

——

w;: = E‘PFAQQI/Q: = ﬂ'k T?LQ( §37>/QS&

Q? is Boltzmann's cons%ant

where

Teff is the effective terperature of the noise present in the systenm.
The value of Teff 4is given by the temperature of a resistor that will prod-
uce the same available noise power per unit bandwidth as the system does since,
over a small frequency range, the system noise power per unit bandwidth is
constant.

Part of this system noise is produced by the conductance Gi which usually
is at room temperature. The temperature of the noise produced by the tube de-
pends upon its operation. A tube when operated as a sauper-regenerative oscillator
is probably samewhat noisier than when it is operated as an amplifier since, as
with a mixer, it is not operated at its least noisy point at all times., An
external quench oscillator can introduce noise since variations in the quench
frequency (assuming a square wave quench voltagé) w11l cause variations in the
starting up time of the oscillations and hence add a certain incoherence in them,

If the detection process takes place in the super-regenerative oscillator
circuit and the detected signal passed through an audio amplifier of effective

noise bandwidth B, AF the signal to noise ratio is



L MR LR (2= >”2
< B, AF

R A A

g R | g (gm‘BMRF)K

(25)

In the case where B, AF > B, the effective noise bandwidth of the

—
system is B, . For best results the quench period " is

T = censtant 0 W o 2
51 ?1 WBn

Where the constant K is chbsen so that the oscillations in the tuned circuit
without a sample will just die down below the noise level before the next

cycle begins,.

m
\ i 72 - =
E L S VMDA G T T
Vv, ﬁTaH <
This expression is a maxirmm for
L
[M = Tq
and the signal to noise ratio is
VA T VA R A C PR o

Vo R Tets

Therefore, for optimum circuit constants, the signal to noise ratio will be
proportional to the decay time 7§‘of the sample.

Alternatively, it is possible to amplify the signal radiated by the
super-regenerative oscillator, filter it through an effective noise bandwidth
B, RF detect it, and pass it through an audio filter of effective noise
bandwidth B, AF. B, RF  is assuned to be less than 75 and B AF < B, R

The signal to noise ratio is

Vo ~7% m —1 V
Ll w6y . )
Y, ¥ g Tegs (CQ*8) B,er B,AF)"
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The factor(l+5)arises in the denominator because when the super-
regenerative oscillatqr is operating in the coherent state with a sample in
the solenoid it can be considered as an amplitude modulated oscillator where
the modulation is a complex combination of sine waves of periods jf%%l
where M is integral. Therefore, signal voltage will be modulated and poss-
ess several sidebands on either side of the signal frequency spaced by the
quench frequency (Figure Lb. ) The noise can be considered as several
(infinitely many) noise voltages with instantaneous frequencies spread through-
out the spectrum determined by the tuned circuit of the Super-regenerative
oscillator (Figure lia.). Hence each noise voltage will have several sidebands
on either side of the instantaneous frequency and spaced by the quench fre=-
quency.

The effect of the modulation is to place more noise voltages within the
noise bandwidth B, RF (Figure hc. ). The noise voltages add incoheremtly so
that the increase in noise power may be described by<g where § depends upon
the complex modulation and the shape of the tuned circuit response curve, If
a large.enough bandwidth BHRF:zgiBi is used then all the energy radiated by
the Super-regenerative oscillator is accepted and the presence of the quench
voltage has no effect on the signal to noise ratio which will then be that
given in equation (1’5) .

For very weak signals, maximum sensitivity is obtained using some form
of phase-sensitive detection. Usually in this method of detection the signal
is modulated at an audio frequency with the modulation being detected and then
passed into a phase-sensitive mixer whose local oscillator signal is taken from

the modulation oscillator with a possible phase change, A direct current out-
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put is obtained and passed through a resistance-capacitance .filter of time
constant,?”p. . and then displayed with an ammeter. Because of the large local

oscillator voltage present at the phase~sensitive mixer the effective noise

bandwidth is

Bn DC = two times the effective noise bandwidth of a single
stage R- C filter

_ - | - {
= AT 2 T

The factor two occurs since both the upper and lower noise sidebands resulting

from the mixing process contribute to the noise output. Therefare, we have

- =2 T
X LMDt 2T &

pe——

& 3 & Tege (1 +58)

In the case where the signal is frequency modulated and the modulation

\
recovered by passing the signal through a linear frequency discriminatar the

(%)

signal voltage may be represented by
S (7). el w, t) cos wt
G = V(%) e 2ty & (1+meosw,T)cosuig

(3
S
! . PR
oY — Discriminator
~ 1 Response Curve
¥_‘\Ny l-1-
-~
>

>
¥

\_zﬁ_q frequency
The factor % occurs since the undeviategl signal is kept at the mid-point of
the discriminator curve. The factor M « 1 allows for the frequency deviation
of the signal being less than the width of the frequency discriminator curve,

When this voltage is passed through a quadratic detector where

Vige (6 = D Vi, (t)
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the output voltage is

mut(t) = :D \/,’,, (f\
Do Vi (B) o % oot (290)

il

| \
where 7 means a time average long compared to {y, but short compared to WDy ®

Without modulation the direct current output signal voltage would be
VAPREENE SR VAU R 3 | (2a\)

With M= | the coefficient of the cols Wan T output(ﬁkys equal to % \1/_0\|t given
UY(lﬂ\b- If the spectral density of the noise porer is independent of fre-
gquency over the range which the signal is deviated, then frequency modulation
of the noise produces no extra noise output at the modulation frequency after
being passed through a frequency discriminator and a quadratic detector. There-
fore, this particular type of recovery of frequency modulation reduces the sig-
nal to noise ratio by a factor of two assuming equal effective noise bandwidths
in each case,

The maximum signal to noise ratio will be most easily obtained by using

a phase~gensitive detection system with a direct current filter of long time

constant while using as high a quench frequency as possible,
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CHAPTER III

THE NUCLEAR QUADRUPOLE RESONANCE SPECTROMETER

The basis of the spectrometer is a push-pull grounded-grid super-
fegenerative oscillator with cathode quench voltage injection using type
955 acorn triode tubes, The tuned circuits are shorted parallel wire trans-
mission lines. The cathode line is adjusted to give the proper feedback and
the plate 1iﬁe, which has the sample coil in parallel with it, determines
the frequency of operation of the oscillator.

The value of Teff is assumed to be of the order of a few thousand
degrees Kelvin when the system is operated at 150 mc/s. The tuned circuit
bandwidthﬁBlis of the order of 200 kc¢/s at this frequency. The quench fre-
quency is normally 50 kc/s.

If the detection process takes place in the super-regenerative oscill-
ator circuit the signal can be amplified and displayed on an oscilloscope with
the oscillator frequency modulated using a vibrating condenser and the oscill-
oscope swept in synchronism with the frequency changes. Since the feedback,
which is controlled by the tuning of the cathode line, does not have to be
changed over a fairly wide frequency range of plate line tuning the spectro-
meter is suitable for searching for nuclear quadrupole resonances. For maxirmum
sensitivity in searching, phase-sensitive detection may be used where the re-
sonance is modulated by using a Zeeman modulation field supplied by a set of
small Helmholtz coils.™

The disadvantage of the self-detection process is that the adjustments
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are mach more critical than when the detection is accomplished separately.
It also tends to be unsuitatle for observing Zeeman splittings of nuclear
quadrupole resonances since the resolution is essentially determined by the
bandwidth B, of the tuned circuit. Greater resolution can be obtained by
amplifying the radiated signal from the super-regenerative oscillator and
passing it through a filter of bandwidth B g which determines the resolution
and then detecting the resonance, i

The radiation of the super-regenerativé oscillator is fed to a bal-
anced germanium diode crystal mixer through capacitive coupling consisting
of a short length of wire situated near the super-regenecrative oscillator
tuned circuit. The local oscillator voltage is supplied to the mixer by a
triode frequency tripler stage excited by a quartz crystal controlled oscill-
ator (Figure 6a.), The difference frequency is fed into a Hammrlund HQ-129-X
commnications receiver, The difference frequency is determined by a BC-221-A
frequency meter., The receiver is equipped with a crystal filter so that the
bandwidth B¢ can be varied from a few hundred to a few thousand ¢/s. B, RF
the noise bandwidth, is of the same ofder. The nmuclear quadrupole resonance
which appears as a series of noisy peaks separated by the quench frequency at
the output of the receiver can be heard with earphones or it may be rectified
and displayed with an ammeter (Figure 5a. ). |

Since the signal from the superegenerative receiver into the mixer is
large no extra noise is introduced by the rest of the spectrometer. The recti-
fied noise voltage at the output of the receiver was found to vary inversely
as the quench frequency over a wide range of quench fréquencies.

In practice, when observing the Zeeman splitting of the resonances, the
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receiver is set to a given frequency with the aid of the frequency meter,
and the super-regenerative oscillator tuned for maximum noise at the receiver
output. The crystal is rotated in the magnetic field and, since the local
oscillator frequency is known, the frequency of the resonance as a function
of crystal orientation in the magnetic field may be determined., Since there
are several peaks for each resonance the center line can be found by changing
the quench frequency since only the central line will remain unchanged in fre-
quency, If the resonance is fairly strong, a frequency modulated quench osc-
illator may be used and the resulting unmodulated center line picked out
quickly (Figure?7). |

For more sensitivity phase-sensitive detection is used. Modulation of
the signal is obtained by modulating the high frequency oscillator and is re-
covered by sweeping the resonance back and fofth over one side of the receiver
response curve. The resulting variations are fiitered and passed into the
phase sensitive mixer, the signal being displayed on an Esterline-Angus graphic
meter. A time constant Tp.c of three seconds is usudlly used. (Figure Sb.)

Suitable frequency modulation of the crystal controlled oscillator was
not obtained and amplitude modulation of this oscillator has the disadvantage
that the noise is modulated also, introducing a D.C. component when passed into
the phase-sensitive detector. The long term D.C. stability was not good enough
for the wesk sigﬁals encountered. Instead, another local oscillator was used
where the frequency was determined by an ordinary tuned circuit. The plate
voltage was modulated slightly causing the resulting local oséillator signal

to be almost entirely frequency modulateds The second harmonic was used for

mixing. (Figure 6b.).
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Modulation of the magnetic field could be used when Zeeman split reson-
ances are observed but the frequency deviation of the resonance is proportional
to the splitting and in some cases a resonance would not be observed.,

The main magnetic field is supplied by a set of water cooled Helmholtz
coils, Each coil has a bobbin with a winding space of 50 mm by 50 mm filled
with #1L B, and S. gauge enamel covered copper wire, This gives 620 turns.
The wire is spaced every two layers by thin sitrips of card and the bobbin has
holes punched in the sides to allow a free flow of cooling water. The bobbin
has a brass ring for the center and another brass ring is slipped over the
outer edge, Circular Tufnol plates with grooves and neoprene washers are
placed on either side and held together with long bolts to make a water tight
Jjacket, The inlet and outlet pipes for the water also act as terminals for
the coils.,

The field strength along the axis of one of the coils was measured using
a flux meter and a graph (Figure 8.) drawn to determine the position of most
nearly linear variation of field strength with distance, i.e, the point of in-
flexion of the curve. The graph indicated that the two coils should be placed
as close together as possible., The spacing was actually limited by the pro-
jection of the outlet pipes from the inner faces.

The crystal holder is mounted on a rotating shaft and the supporting
?ost which acts as a bearing is attached to the base of the Helmholtz coils.
The crystal holder, shaft, and post are made of lucite to avoid distorting the
magnetic field near the crystal. The system was aligned in order to have the
axis of rotation as nearly normal to the magnetic field as péssible. At a
current of 25 amperes through each coil the field at the crystal is 1l.b4 Xdlogauss

and little heating of the coils is noticed.



FIELD STRENGTH

FIGURE 8 to tollow page22
|

FIELD STRENGTH VS DISTANCE
ALONG AXIS OF ONE
HELMHOLTZ COIL

POSITION OF CRYSTAL

FACE OF COIL

DISTANCE CMm '0



PLATE | to tollow page22

THE SPECTROMETER




PLATE II to follow page 22

HELMHOLTZ COILS

SEP 9 59

CRYSTAL HOLDER




23,

CHAPTER IV

INFORMATTON OBTAINED ABOUT SINGLE CRYSTALS
OF Zn(Br03)y «6HpO AND Co(BrO3)p «SHpO FROM
THEIR ZEEMAN SPECTRA.

The Zeeman splitting of the nuclear quadrupole gésonances of single
crystals of Zn(Br03)2 6H,0 and Cy(Byr03)p .6H,0 werc observed. The crystals
vere grown by evaporating an aqueous solution of the salt from a beaker in
which a seed crystal had been placed. The resulting crystals had volumes of
about one cubic centimeter,

The lucite crystal holders were turned on a lathe so that the face
would be normal to the axis of rotation of the shaft. The crystals were
usually attached by gluing one crystal face to the holder with a thin layer
of polystyrene glue, which had the advantage that the crystal could be pried
off easily without damage and could be remounted with a different orientation
in the magnetic field. If necessary lucite shims éould be used to mount the
crystal in any given position.

The current for the Helmholtz coils was suprlied by a generator and
was kept at a constant value of 25.00 * ,05 amperes by‘means of a high-watbtage
variable carbon compression resistor. Care had to be taken to avoid the mag-
netic field from the Helmholtz coils affecting the reading of the D.C. ammeter
used to measure the magnet current.

Since most unsplit resonance frequencies of the Br81 isotope in the
metallic bromates lie in the 1LO mc/s to 150 mc/s range a 5.5 mc/s quartz

crystal was used so that the resulting frequency of 136.500 ¥ 015 mc/s allowed
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a convenient difference frequency to be accepted by the receiver. Absolute
frequency measurements were estimated to be accurate to within * 20 kc/s.
Relative frequency measurements where the receiver was set at a given fre-
quency with the frequency meter and then used to determine the resonance
frequencies were estimated to be accurate within £ § kc/s over periods of
‘an hour or so.

In practice the mcasured unsplit resonance frequency did not show this
stability. Variations in the quench voltage and frequency and variations of
the tuned circuit frequency of the super-regenerative oscillator would change
the central line frequency by as much as ¥ 20 ke¢/s. Daily variations in the
central line frequency amounted to as much as * 30 kc/s.

Although it is assumed in Chapter IT that the super-regenerative osci-
llator does not react on the sample, by "pulling” the nuclear quadrupole
resonance frequency, for example, it may do so to a small extent but the main
source of error is believed to lie in the dependeﬂce of the resonance frequency
on the temperature of the‘sample. The resonance frequency increases aboub
5 mc/s. when the temperature of Zn(Br03)2-6HQOiS changed from room temperature
to liquid air temperature.

At room temperature the unsplit resonance frequencies of Zn(Br03)2.6H2O
and Co(BrO3)2.6H20 are 148,028 £ ,025 mc/s and 147.926 T .025 mc/s respectively
for the Br81 isotope. The line width (the frequency separation between half-
power points) is about L ke/s far both substances. When the perturbing magnetic
field was applied the line width increased to about 15 ke/s due to inhomogen-
ieties in the magnetic field,

The axis of rotation of the crystal holder was perpendicular to the

magnetic field within 0,1° . - Since the secular equation for the energy levels
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depends upon sin2@ (formula(JB)) replacing ® by -® will not change the
resultant frequencies. When the samples were rotated 1800 the difference
between the two observed frequencies was less than 3 kc¢/s or 0.2% of the
amount of the frequency splitting. A right angle was assumed in calcul-
ations. The dial on the shaft could be read to 0.20 .
In the case of Zn(Br03)2.6H20 the positions of the molecules in the
unit cell are given by WkaOfi‘lO.
Ly coeo  ;  3,5,0 5, 1.9% , Oz1.,}
B g [—lL'M,)Jk- )'%_—w\}lzwk) [ ) Sow )1,‘/,_“*)&1)*2%;%-««]
Q = XM E %+x,%'?ﬂ z ; 5%, 3)-§+} )X/é+3,i—t
'-lt’x,\é ) ’t"?,”f /6 ) —l—t))z B ‘/,_'JM},)' 2) ’L"K;‘/l'é
3,%)7& ) ‘/1«-3,12--1)7« ) 27 Y , &, BN 49
Hy0 similar to O
where L 5q OQh.mo,é:.\qs)g:B%o)
Qo™ \0.3\bﬁ \-\2() &x: .\0\5)\3=-’050/3c=.035')

Because of the 3-fold symmetry abouf the Br-Zn-Br axis, the electric
field Z-axes éhould have direction cosines {_T("S ) '{r% ) —%_}and the asymmetry
should be zero. The four Z-axes are parallel to the { L4 lg crystal axes.'7

A crystal of Zn(Br03)2.6H20 was mounted with a (l/l, \) face perpendi-
cular to the axis of rotation and a plot of the freguencies of the split lines
versus the dial reading of the shaft dial was made. (Figure 10). TFormila (15)
was used with cos © replaced by Sim X (os Y

1 wo =‘-3§3'uv\°(woh/1 § (4~ 35'w\)’0‘\uz><>zb/>l/1 (20)

where ( is the dial reading
= is the angle between the z-axis and the axis of rotation

Pt

Syn X = 3 from symmetry considerations.
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The value of j‘ was obtained by calibrating the magnetic field using
the Co(Br03)2.6H20 crystal with two of the {w} type faces perpendicular to
the axis of rotation (as mentioned on page 27), and using formula (l ). This
was justified because the crystal seemed to be accurately mounted and experi-
mentally it had cubic sy”rmneti'y with negligible asymmetry.

Because of the combination at times of weak signals and several side-
bands some & the experimental points (Figurel0) may be in error by T 50 kc/s.,
the quench frequency used. HHowever, the plot shows that i’ormula@O).s satisfied
closely which indicates that the crystal has a cubic structure and the asymm-
etry parameter is negligible to a first approximation.

The mgles in space 54»0\ ymn=1,239 Mg the z-axes were found with

the aid of

COS Fmm = COS X COSKm t SUN e SNy Cos(Vpu—drn) (31)
(X,,,\-Ya,)j'_??y, m

Here Smd is calculated with the aid of formulabl). Second arder frequency
changes in the split lines to the magnetic field are subtracted out.

Using formmulae Q?J(J),@\)and(\'[\,)Tables 1 and 2 were prepared. An esti-
mate of the experimental accuracy was obtained from the two values of /g 24
given by each table, The two values differ by 1°2)". A1l the values
given fall within 707 32 * L7 where 70 132  is the value expected from symm-
etry considerations, The value of /)l as indicated by the angles at vhich the

inner and outer lines coincide is estimated to be less than 0,05 since the



TABLE 1 to follow page 26

OBSERVATIONS OF THE ZEEMAN SPECTRA OF
Z5(By0,) 546Hp0 AND CALCULATIONS OF THE

CRYSTAL FIELD PARAMETERS

#1 Z-symmetry axis parallel to axis of rotation

B = 130 gauss 21 (B04) 5e6H,0
Maximum frequency separation Dial reading Y
between inner lines '
2 2,789 mc/s 24040 ~
#3 2.7M8 359.1
# 2.794 119.8 °

Sw  where A 1is the angle between the Z-symmetry

axis and the axis of rotation

#2 +9L58
#3 U15
#h «9L65

Angles (3%,,‘ between the Z-symmetry axes

Frp = 69" 7 Cp=n"o' A= 6 1s

Dial reading ¥ where inner and outer lines coincide ‘
#2 292, ) 187.6

# 306.9 ° , S1.h °

Al 171.8 ° ) 67.8 °

Observed angles of coincidence Calculated angles ( 4(_10)

#2 52, 52,

#3 52,3 ° 52,2 °

#y 52,0 ° 52, °©



TABLE 2 - to follow page 26

OBSERVATIONS OF THE ZEEMAN SPECTRA OF
Zn(B04),.6H,0 AND CAICULATIONS OF THE

CRYSTAL FIELD PARAMETERS

#3  Z-symmetry axis paralled to axis of rotation

H = 1130 gauss Zn(Broj.)z'éHzo
Maximum frequency separation Dial reading 3/
between inner lines '.
#1 2,704 me/s 240.0
#2 2,780 359.8 °
#L 2,706 119.h °

Swvn X where X is the angle between the Z-symmetry axis and

the axis of rotation

# .9365
#2 «9l50
#l .9366

Angles fg,.,,mbetween the Z-symmetry axes
o ' a o
Bp=n 1 Pa=ntat By =10 7

Dial reading Y where inner and outer lines coincide

a3l 292.0 , 187.9 °
#2 307.2 ° ) 52,3 °
# 171.6 ° , 67.3 °
Observed angles of coincidence Calculated angles (/VL: °>
# 52,1 51,9
#e 52.6 ° 52.3 ~

#3 52,1 ° 51,9 °
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determinations seem to be limited by the O.2° error in the dial reading and
the line width of the split lines,

According to Groths, Co(Br0q)0e6Ho0 as well as Zn(Br03)+5H20 has a
cubic structure, A crystal of Co(Br03)2.6H20 was mounted so that (1)) ,\\ and
(v,\,1V) faces were parallel to the axis of rotation and the () ‘\) and (1 \ ,‘\)
faces each made an angle of Sh.'?a with the ads of rotation. Table 3 was pre-
pared using formlae K30L Qa\) and(ﬂ\,). VTable 3_ gives the angles between the
Z-axes of the ekciric field. Similar considerations of error as for

Zn(BrO3)¢6H0 apply except for the two Z-axes at Sha7  to the axis of ro-

| tation. Since the rate of change of frequency with angle ¥ was slow the
lines were harder to position accurately than the others. Table lj deals with
the observation of second order effects caused by the magnetic field as given
by formula(lg) . N

The unsplit resonance frequency of Ni(Br03)2.6H20 was found to be
1484246 * ,030 me/s at room temperature with a line width of about 10 kc/s.
The signal to noise ratio was about one-fourth that of the unsplit resonance
from Zp(Bp03)0.6Hs0. The determination of the Jirections of the principal
axes of the electric field gradient tensor as well as the asyrmetry parameter
in this salt would be of interest since, according to the "Handbook of Chem-
istry and Physics" this crystal has a monoclinic structure whereas, according
to Groth, this crystal has a cubic structu.lfe as do the other two crystals
studied here. Also, if Ni(Br03),+6Ho0 is monoclinic then the information about
the electric field gradient cannot be deduced from crystal symmetry.

Unfortunately the Zeeman split resonances were not observed. This is be-
lieved to be due to the weaker, broader unsplit resonance produced by this
crystal compared to that of Zn(Br03)se6Hp0. However, the signal to noise

ratio might be improved enough to obtain fairly accurate data by increasing



TABLE 3 to follow page 27

OBSERVATIONS OF THE ZEEMAN SPECTRA OF
CO(BrO3)2.6H20 AND CAICULATIONS (F THE

CRYSTAL FIELD PARAMETER

#1 and #3 Z-symmetry axes perpendicular to axis of rotation

H = 1430 gauss Co(BrO3)2.6H20
Maximum frequency separation Dial reading Y
between inner lines
il 34296 no/s 52,2
#2 7,299 123,7 °

Sswm A yhere K is the amgle betwcen the Z-symmetry axis and

the axis of rotation

#1

#2

1,000

1.000

Angle /;,’mﬁbetween the Z-symmetry axes

13

o
= 70,5

Dial reading ¥ where inner and outer lines coincide

al 358.6 , 107.9 °

#3 178.6 ° , 68.9

#2 and #l 358.2 ° , 17842

Observed angles of coincidence Calculated angles (7 =9)
# 57 © ' Sho7

#3 549 ° ' she?  °

#2 and 7l 90.0 ° 90.0 °

Assuming m_=o and using i'onm:laeQ?\,)mdBl) then
ﬁZh = 7005° {3)12 = 70.7 ) /‘glh = 70014-0



TABLE N : to follow page 27

OBSERVATIONS OF SkCOND ORDER EFFECTS OF
THE ZEEMAN SPLITTING OF THE NUCLEAR QUAD-
RUPOLE RESONANCE OF Co(BrO3)o.6Ho0.

Co(Br03)2.6H20 with #1 and #3 Z-symmetry axes perpendicular

to axis of rotation

2
H = 1116 gauss ' 25 _ 18 xe/s
3A
Unsplit resonance frequency 147,926 me/s
Dial reading )/ Frequency difference between

unsplit line and coincidence
of inner aad outer line.

17.7 ’ 2l ke/s
87.8 ~ 23
158.6 23
1970 ° 2
268,0 ] 22
338,5 | 22
Unsplit resonance frequency 147.920 mc/s
Y Observed Galculated
frequency frequency
Outer line (++) 87.8°  150.778 me/s 150,756 mc/s
268.0 ° 150,776 150,756
Outer line (--) 87,8 ° 145,119 145,104

268.0 °  145.120 145,104
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- the sample size, lowering the sample tempgrature, and.using a more honogen-
ous magnetic fields In conclusion the following has been achieved,

(i) A nuclear quadrupole resonance spectrometer has been built to work
on narrow band operation with sufficient stability to measure the Zeeman

81 4 1148 mc/s.

splitting of the nuclear quadrupole resonance lines of B,

(1i) This instrument is sufficiently stable to detect second order
effects in the Zeeman splitting of these lines but not to measure these quan-
titatively,

(iii) Two salts, Zn(Br03)2.6H20 and Co(Bp03),+6Hp0 have been examined.,
Both have been reported to be cubic in structure,-although little data is
given for the cobalt salt. The nuclear quadrupole resonance spectrum is con-
sistent with a cubic crystal structure. There are LI non-equivalent (Br03)-ions
per unit cell, To within the accuracy of the experiments, the principal axis
of the electric field gradient at the B, site is along the%\,hl}crystal axes,
and the asymmetry, which fcrthis cubic structure should be zero, is measured
to be less than 0,05 in each case.

(iv) An unsuccessful attempt was made to determine the crystal field
parameters in monoclinic Ni(Br03)2.6H20. In this system these parameters are

not determined by symmetry considerations. The reason for lack of success was

poor signal to noise ratio for the weak, broad lines in this salt.
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