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v : ABSTRACT SN~

A magnetometer, utilizing a SQUID, has been constructed

¥

and used to study the N.M.R. signal amplitude of Cus.3 as a function

of r f. power, as well, the relaxation time of the F]g nuclear spin

stém in CaF2 for i\ﬁqgnetic ffeld'rahge of 3.0 - 30.0 mT is

“investigated.

_ The former, is a preliminary ;tep towards the construction
of an N.M.R. thermometer for the temperature range below 4.2K and
several aépects relating to this problem are discussed. The latter, is
an—investigation into the use of such a magnetometer for the s?;dy of

Tong relaxation times in insulators.
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INTRODUETION

The work descfibed\herein originates from an interest in a
new instrument cailed-SQUID (Superconducting QUantum Interferometric
Device§, which has been commercially available since ]970]L The
instrument, based on Lohdqn's concept of fluxoid quantizatiop .in a -
superconductor and on Josephson tunneling thrdugh a weak’1ink between:

' two superconductdrs; is essenfia]]y a quantum flux countdr that allows,
among other things, the regllzat1on of a‘magnetometer with an unprece-

~-19 Wb .

dented sens1v1ty approaching 10°

We were primarily interesiied in exp]_oiti.ng the new possibilities ‘
_offered by the SQUID Ma@netometer (S.M.) in bio-magnétism and nucdear v
magnetism. It has beeQ demonstrated by Cohenz,-Rosen et a13, and

Zimmerman and Fredericka, that the S.M. is capable of détecting'the time

’

varying magnetic fields that accompany heart and cerebral agtivity. In

fact, these groups succggded 1d.producing_Magneto—Caqdiograms (MCG) and
Magneto—Enéedha]ograms (MEG) of a'dgglity ‘comparable to the more familiar
ECG and EEG. The poing of jnterest ?E\thaf’fae MCG and MEG were qbtained
without any physica -dontact to the patient. Our interest in bio-magnétics
was in observing thg ma@net1c field accompany1ng nerve 1mpulses transm1tted

in a single nerve cell. The usual procedure makes use of probes embedded

J

in\the tissue. Thus, the S.M.awou1d allow measurd@ments without disruption

of thg cell, A preliminary investigation of this problem was presented

at a meewing of ACFAS in 1974 and wil] not be further discussed.
S ‘\3 . -
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The interest in S.M. as an instrument for the detection of
nuclear magnetism, comes in part From the possibility of using the
property for low temperature thermoﬁetry. Indeed an asse®ly of nuclei
having a non-zero magnetic moment behaves Tike a pafamagnetic gas and is
expected”to follow Curie's law rigorously down to at least 0.1 mK. Th{s
represents an ideal thermometer providing thermal”équi]ibrium can be
established with-the substance under investigation. Metallic samples

present the best possibilities for thermal conduction and fast attainment

of thermal equilibrium at.qﬁgg lTow temperatures and have been investigated

by many workers for this purpose. Application of the S.M. to nuclear

thermometry has been pioneeﬁgk.by Wheatley and his groups. In this

" Jaboratory, such a set-up has-been assembled and tested by G. Lamarche,

B. Hébral and the author, though not thoroughly exp1oiteq because of

another development. -
/
£

In the past, very low temperature nuyclear magnetic thermometry

hqs been realized through measurements of nu ei;)magneticxresonance
signal amplitude and relaxation time T,. qér this purpose two basic
instruments have received the most attentiéh. In the cw {continuous

wave) method, marginal oscillator spectrometers were found‘;o“be adequate,
giving mostly a signal amplitude response. A very e]eganf’and powerful
pulse method, the so called free'precess%on technique, pioneered by
Walstedt. Hahn. Froidevaux and Geissler6 and further improved by them and
othér groups, where both signal amplitude and relaxation timé.measurements

are obtained, permitted the realization of very good thermometers extending

well into the sub mK range.

LY
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It is only recently that SQUID magentometers have been

'app1ied to the detection of N.M:R. Indeed, almost simultaneously .-

Day7 and Meredith, Picket and Symk08 announced the first recordings of
S.M.-N.M.R. spectra in adiabatic fast and slow passage respectively.

The new techniques appeared to be most promising both in

_terms of signal ampf?tude and relaxation time measurements for the low

temperature thermomegry application of S.M. and it was decided to
concentrate our effort™in developing them further. Outsiﬂé thermometry,
there appears to 5e, as well, some advantage ~in using S.M;-N.M.R.,

as it offers a very simple means of measuring’the long.relaxation ~times
119’]0, usually encountered‘in insulating materials, especgally at

Jow temperatures.

L
This thesis is then a contribution to this new\field of
S.M.-N.M.R. apd describes two investigations; one applies the technigue

of A.S.P. (adiabatic slow passage) on 2 metal sample at 4.2K as a first

—

stép in the construction of a nuclear thermometer,and the other makes use
\

.of the technidue of A.F.P. (adiabatic fast passage) with a view to the

possible exploitation of S.M.-N.M.R. in the ;tudy of relaxation times in
insulators. As a result of this second investigation we have been abie
to study the variation of the relaxation time, T, a5 a function of the
applied field (3 - 30 mT) in a sample dof CaF,. _

In what follows, we shaj] first discuss the SQUID with respect
to the coupling of a sidha] to the device, N.M.R. and thermometry from
the pdints of view of slow and fast ﬁa;sage, and finally the use of fast

passage in the study of long relaxation times. .This will constitute
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Chapter I. Chaptér IT will deal with‘the eXherimenta1 apparatus and
the procedure for obtaining the NiM.ﬁﬁ signals. Chapters III and IV
respectively, will deal with the 5NVestigations into A.S.P. on a sample
of a Copper wire bundle at 4.2K in-a field of approximately 30 mT and
A.F.P. on a sample of;Can in fields 3.0 - 30.0 mT also at 4.2K. 1In

Chapter III, the behaviour of the N.M.R. signal height of Cu63 as a

-

‘function of the r.f. field amplitude B], is reported and compared to

theory. Chapter IV gives the results for the behaviour of T, as a

~ function of B0 for a Can crystal oriented with the (111) direction

along Bo‘ This crystal contains an impurity, tentatively identified
as Mn, in an unknown concentration. The concluding remarks and
recommendations for improvement of the experiment and future work, form

' the basis of Chapter V.



CHAPTER I

- SQUID 3
The theory and operation of a r.f. biased symmetric
"SQUID has been extensively covered in the literature, and as such will

apr—t .
not be discussed here. An excellent review of the theory and uses of

a SQUID can be found in 0.V. Lounasma's recent book''. Tt will suffice

to mention a few salient points on the coupling df a signal to the SQUID

-

sensor.

Flux changes are transferred from the location of the sample

to the SQUID sensor by means of a superconducting flux transformer (S.F.T.)._ °

>
The S.F.T. consists of a signal coil (se]f-inductance - Lsg) and a
* transformer coil (se]f—inductancé - Ltr)' The coils are wound of super-
conducting niobium wire and connected together by means of tightly ‘

twisted leads of the same material (self-inductance - de = 0.3 uH/meter1]).
The signal coil fits snugly in one hole of the SQUID sensor

(Fig, 1), .immersed in the liquid helium bath at 4.2K. The transformer

SIGNAL
~ COIL

TRANSFORMER
ColIL )
SQUID SENSOR

Figure 1. Schematic of superconducting flux
transformer. :

s




coil is either a single coil or a pair of astatically wound coils each
of self-inductance 1/2 Lip- In the first case, the coil is located
around the sample and in the second only one of the two coils contains
the sample.

Because the flux transformer consists of a bulk superconducting
wire, the total magnetic flux, enclosed by the coils and the leads, remains
constant at the value it had when the transformer was codled through the
superconducting transition temperature of the wire. When a change of ’
flux, A¢ext’ occurs at the transformer coil, a current Jsg’ spontaneously
begins to circulate along the supercenducting wire to maintain a constant

.

total flux. By definition, if the flux ¢, through each turn of a coil

of N turns is the same, we may write

Ne = L.J. (1)

. ‘_/ . -
where L is the self-inductance of the coil and J_ is the current I

flowing in it. Thus we find for a S.F.T.

N, &

tr8%ext =0 : (2)

where Ntr is the number of turns in the transformer coil. The amount

of flux ¢Sq coupled to the sensor is

Id

~

where-MSg is the mutual inductance between the signal coil and the SQUID.

Eliminating Jsg between (2) and (3) we obtain the basic equation for a



)

flux transformer

¢ = - Msg Ntr

> (Etr * Lsg

Flg) Cext )

The guantity MsgNtr/(Ltr + LSg +‘L2d)’ is called the flux transfer
factor and is generally considered to be maximized for Ltr = Lsg’

providing (a) Lﬂd is negligibly smal}l with respect to Ltr + Lsg and

z . .
5g /LLSg (L is the self-inductance

of the sensor) is kept constant. Typical values of the flux transfer

(b} that the coupling coefficient K = M

factor ranée from 0.05 to 0.005.

The quantity ¢ext’ can be estimated by]2

¢ext = | 4wAM0 Aeff (5)

where Aeff is the effective area of theisample and AMO is the change in
magnetization. For a cylindrical sample that is long compared to the

. length of the transformer coil, we have Aeff = nd2/4, (the cros;:sectiona1
area). This effective area is actually the coil area multiplied by a
filling factor. Thus the abso1ute value of the flux coupled to the

SQUID is

41TquNtr‘ AMo Aeff (6)

59 Tttr * Ls * le) .

g
Having discussed the coupling of a signal to a SQUID, we will now examine

D

the nature of this signal, as it applies to this work.




PRINCIPLE OF THE METHQOD .

The passage th?ough nuclear magnetic resonance is detected
byrcontinuou§1y monitoring the d.c. nuclear magnetization of a sample,
placed in a constant magnetic field Bo’ as the frequency of a r.ft
field, at right angles to Bo? is swept through the Larmor f;equency,
=) ) -* ,

In the work reported here, the sampie was maihtajned at

4.2K. However, Eﬁ_we shall see shortly, the technique lends itself to

thermometry and to the study of long relaxation times. -

}

At this juncture, it would be instructive to review some

THEQRY

basics of nuclear paramagnetism with specificmeference to the expected
behaviour of the static magnetization with tempe;Lture.
[

From statistical thermodynamics we obtain for the magnetic

part of the partition function z, of a weakly interacting system of

B
nuclear spins, the following expression]3

z, = E exp (uB mi/kTS) (7)

Here u is the magnitude of the nuclear magnetic moment, B is the polarizing
magnetic field, k is Boltzman's constant, TS is the spin temperature,
and mg,is the magnetic quantum number.

For simplicity in notation, we will let

x = uB/KT, (8)

Since m can take on the values -I, -1 +1, .... I-1, I, where 1'is the

| 4



magnitude of the nuclear spin, equation 4 may be written as
m.=+1
;s g e taeXly oI X (9)

m.= -1
1

Equation (9) is a finite geometric progression which can be simplified
to obtain the following:

e-xI } ex(I+—1)

B v (10)
1 - e ‘ '

[

Finally, on rearrangement of equation {10), the expression

for the magnetic contribution to the partition function becomes ™~

_ sinh (I + 1/2) x ‘
5 © T sinh 772X an

The magnetization M of the spin system is given by

BERTCRLES
Moo= KT\ — 12)
—@E )

", S .

where N is the number of spins.

On substitution of equation (11) into the above expression,

we obtain for the nuclear magnetization
/-

Moo= NuIBy(x) - (13)

where BI(s) is the Brillouin function and is defined as

_ 1 1 1 1
BI(X) = (1 + '2—1-) coth (] + -Z-T) X - ?T COt‘h ('Z—I)X (14)

Of interest in this work, is the low field limit where

x << 1. For this case, the hyperbolic cotangents of the Brillouin function



may be approximated by

X3

X
coth x = +3 7 3|, e (15)

» | —

Since x is very small, the first two terms of equation (15)
are retained and when substituted into equation (14), the expression

for the magnetization of an assembly of nuclei becomes

« = ML+ )8
3kT, (16)
This is Curie's equation for the magnetization of a para-

magnetic substance and the Curie constant is thus defined as

c = NZI(1+1)/3k ' (17)

Because of theﬁzeak internal interactions between the nuclei,
the nuclear susceptibility Xy would be e&pected to follow a 1/T
behaviour well into the milli-kelvin range. In faqt, it is estimated
that for metallic copper, the nuclear spins would have an ordering
temperature of approximately 10-7 K. Thus, the magnetic temperature
T*, obtained from a measure of Xy would be equal to T, the absolute
temperature, over a very wide range. Indeed, static magnetization
measurements on very pure copper samples have shown the expected behaviour

5,14

down to 10 mK Providing accurate measurements of X, c€an be made,

the nuclear spin system is a convenient thermometerjs.

For a spin system to be useful as a thermometer, the characteristic

time 1,, that the nuclear spins take to come to equilibrium with the lattice
at a temperature T should be short to insure rapid response to temperature

changes, {or field changes). For this reason, only metals will be
-



¢
considered for thermometric purposes as the relaxation times of

insulators are much longer.

In metals the temperature dependence of thé& nuclear spin-

Iatﬁfce relaxation time 1, is given by Korringa's relation:
T1 T = 8 (]8)

where T is the lattice temperature and 8 is Korringa's constant. For a
metal such as copper, B is 1.3 sK. The relaxation time T, is also field

dependen’c12 and for a field B, it is given by

7, (B) = m B2 +b2 (19)
2 2 .
B~ +2b

et

Here b is the induction due to an effective internal field caused by
dipolar or exchange interactions and t; is the high field re]axatipn time.
Further mention of T, will be made later with regards to N.M.R. and the
use of the Korringa constant to determine the temperéture.

To measure the nuclear susceptibility, very sensitive
instrumentation is required. As such,.when static susceptibility
measurements are performed, a problem arises due to contfibutions of
an electronic origin to the magnetization. _Since it is useful to work
at low fields to reduce the relaxation time, the electronic background
due to these impurities may not be saturatéd md thus could be a gre%t

nuisance until ordering of the impurity elegtronic spin system occurs.

Nuclear magnetic resonance provides the—dnswer td the problem, in that
the magnetization measured is that of the nuclel only. However, fields

of the order of 100 gauss are required, so that the relaxation times

—~——
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encountered will be essentially the 'h1gh field' relaxation times.

Let us consider a system of nuclei in a s£§é1c magnetic

field, Boz' The system is irradiated along the x axis by a linearly

polarized r.f. magnetic field given by N
N i
,Br.f. z EB]cos(mt)i (20)

z _‘ /

Such a field can be considered as being composed of two fields of
amp1i tude B1, rotating in the xy plane in opposite directions, with
angular velocities * w. Thus, the r.f. field of interest is that

component of Br f which is rotating in the same sense as the Larmor

frequency, w
When the freguency w of 81 is swept at a constant rate
S = dw/dt through resonance, the nuclear spin system absorbs energy from
the r.f. field, causing the energy level popfﬂation distribution to cr;ange. ‘
The rate S determines whether this is a slow ‘or fast passage method. 4
In a slow passage, the rate at which the frequency is swept
must be such that the time taken to pass through the resonance line is

much greater than T, . Thus if Am1/2 is the line width (due to dipolar

interactions etc.) of the sample, then slow passage requires that

A w]/zLéL > T, . (21)

If this condition is met, then at Wes the energy level population
distribution will be such that Mz‘ the magnetization of the system in
the z direction will have changed from Moz’ the vaiue far from resonance

to a value M1z that will be defermined by the ampJitude of the r.f.
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field. This dependence.on B.I will be discussed shortly.

In fast passage, the time spent passing through resonance
is much less than T,. Under this condition, the magentization MZ
immediately after sweeping through 26m1/2 is equal to 'Moz' In other
words; the enerqy level population distribution has been reversed.

Consider for a moment a free spin situated in an effective

fie1d!®
o

B, = [B,* wi])k +8 . (22)
This field is static in a frame of reference, rotating such that the
motion of the spin's magnetic moment is a Larmor precession about Be
of angular velocity 6 = -Y"ae. By definition BDE = -(wO/y) i, where vy
is the~gyromagnetic ratio. At resonance then, the effective field is
equal to 812. The magnitude of B1 fixes the upper 1imit of S, in that,
for the magnetization to follow the effective field, the fate of change

of frequency must be very much Tess than YZB]Z i.e.

S <« ¥ B] (23)

The condition arises from the adiabatic theu:nrem]6 which it szt be stressed
js derived for a free spin. From the preceding discussion of slow and

fast passage, this limit will be of greater importance in the latter

case. It must be noted, however, that in a real system of weakly
interacting spins this condition should be strictly adhered to for the

fast passage to be adiabatic. If not, as the rate S becomes of the

order of (ygqﬁz there will be a corresponding loss of signal height owing
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to'the fact that an ever increasing fraction of the spins do not\}ntanast
Tong enougﬁqﬁ?th the r.f. %ield for there to be a precession about the
'cpeffébtive field. The effect of a very rapid rate is to cause a

perturbation of the magnetization which Qi]] die down with a charactéristic
time <, {the spin-spin interaction time). This is not a reversal of
population but a mere tipping of the magpetization.

The Jower limit of S for fast passage is controlled by the
greatest of the three following fields, B], BL’ AB; where BL is the .
local field due to interactions between spins, and AB is the inhomogeneity
of the applied field. Thus the conditions for fast passage in a solid

are]6
YB, B,  yAB
YZB]Z >> _S >>  max ( 1, L ) (24)

1 T

If the z component of magnetization is monitored instead of the
transverse magnetization, as is customary in N.M.R. techniques, then the

further condition that %—
2

N.M.R., the signal due to the detection of the transverse magnetization
16 7

= YB], is not applicable. In conventional

is reduced in the ratio B1/BL E.P. Day’ has reported maximum signals
for lines 0.8 mT wide using r.f. amplitudes of approximately 5.0 uT
when monitoring Mz.

In slow passage, the magnetization is expécted to follow
the Block equations, which state that Mz will change from Moz to a

. 16
value M]z at Wy given by

MOZ .
M = (25)

1z T+ YZB]Z Ty Tz
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Here W%z is the magnetization far from resonance and 1, is the spin-spin

interaction time. o

‘ Since in this work we are interested in AM,, the amplitude

Msp of the observed resonance line is proportional to M - M,

2o 2
\ " Mozy B.l T1 T,
V]
i sp

\

T+ T T ) (28)
w .
In writing equations (25) and (26), we have assumed that the whole sample
is irradiated by a uniform r.f. field. This however is usually not the
case and as such the symbol W will be substituted for and assumed éo be
proportional to YZBIZ. Thus equation (26) becomeg
M Wt T '

hsp @ %4_;:%) (27)

If the sémp1e is a metal, then T, can be replaced by the
Korringa relation {equation (18)). Also, as demonstrated by equation {16),
the magnetizati?n is proportional to B/Ts' Thus incorporating both factors
into equation (é7). we obtain an\gigression for the amplitude of the slow

passage resonance signal as a function of temperature.

: WB T2B
he. G oz (28)
sp T(T +WE 1,) .

as indicated by Meredith et a]]7, for-a given value of Boz’ the amplitude
h, will vary as 772 for low power and as 7V for high power.

Since it is relatively difficult to obtain very pure metal
powders, the sample studied usually consists of a bundle of fine-wires

5 to 10'5 m in diameter). The small diameter is to insure pene-

(5 x 10°
tration of the r.f. field into the sample. The eddy current heating per

unit volume, for a cylindrical conductor of radius R and resistivity p,
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g

"

jrradiated by a r.f. field of amplitude Bl’ (assuming full field penetration)
. 15 : - '
is .

1TZRZfZB]Z

Q : 5 (29)
This heating is usually much greater than that due to the power apsorbed by
the spins at resonance. Thus, especially at Tow temperatures {mK range)
it is important that the amplitude of B1 be kept small in order that the
temperature of the lattice is not unduly affected. The eddy current heating
~in a bundle of copper wires (5900 wires 2.5 x 10'5 meters radius, 6.4 x 10"3
meters in length) in & field B0 of 30 mT and.a1ternating field B] of 2 uT

amplitude, at resonance is 6.8 x 10-8 Watts at 4.2 K. At 10 mK, the

63

expected N.M.R. signal from the Cu ~ spin system, calculated from (26)

would be 660 times greater than the signal at 4.2 K. If now, the amplitude h
of B] is reduced to 0.1 uT, the expected signal at 10 mK would be 427 times
greater than the signal at 4.2K>for B] = 2 uT. This is still & very large
signal, but the eddy current heating is reducedlby a factor of 400. Even
this amount of heat, however, will cause problems in the mK range, especially
since slow passage requires the time taken to pass through resonance to
be greater‘ihan 7 {21).

B Using a fést passage regime, the sweep times are reduced,
and fﬁus there is less eddy current heating of the sample. Fast passage‘
is essentially a 180° pulse which implies that the spin system will be
at a temperature of -TS after the pulse. Thus, if the r.f. field is
removed at the end of the ;#eep, the spin systemgshou1d decay Back to
equilibrium with the 1att1;;, in a time given by Karringa's relation.

Therefore, fast passage gives two ways of measuring the temperature;

the relaxation time combined with the known Korringa constant, and the



signal height hfp which is proportional to ZMOZ.
It must be stressed, that for the signal height to be used

for thermometry the condition for adiabaticity must be stringently ' ﬁ“

obeyed. As we have seen, the lower the témperature, the longer is the | 1

relaxation time in a metal. Thus the right hand condition of equation (24}

is easily met. However, as mentioned in the discussion on eddy current

heating, it is advantageous to reduce B, at low temperatures. If B, is

reduced, care must be taken to iﬁsure that the left hand condition of (24)

is also met. If not, the fast passage will not Ye adiabatic and the

signal height will not be propor@iona] to ZMOZ. Tﬁas, there is a 1ihit

to how low B.l may be reduced and still maintain adiabaticity. For

example, consider B] s Qt] uT, and a copper sample. We will take as the

maximum field of the right hand condition of equation (24), BL’ which for

Cu63_1s 0.3 mT. Under these conditions we obtain for the "1imits" of

the sweep rate at T = .001 K ‘

50.3 >> S >> .017

It would obviously be difficult to satisfy the condition for adiabaticity
and stil] have a reasonably low heat influx due to eddy current heating.
Thus it can be seen that this type of thermometer would have a limited
lower range.

In the temperature range where the fast passage thermometer
would be useful, the signal maximum will fol]ow'a simple 1/T behaviour

rather than the more complicated behaviour of the slow passage signal.




If we assume that the constant of proportionality is the
same for slow and fast passage, then the signal height maxima can be

compared. The ratio of hfp to h__ indicates that at a given temperature

sp
the fast passage signal will be greater than the slow passage by a

2(1 + ’Y2|312T1T2)
factor of

Y B]2T1T2
e ’ It will be possible then to use fast passage tb study
relaxation in spin systems and obtain reasonab1& accurate values of
1, with or without the presence of an r.f. field, after reversal has
occurred, as the signals will be large and as such easy to Qork with
tgood signal to noise ratio). The.magnetization Mz, should follow an

; {
exponential decay according to

Moo= M0 [} - 2exp(-t/T1{] .' {30)

z
Thus as the SQUID signal will follow Mz’ a plot of 1n hfp vs time will
yield ;.

Meredith et a1]7 have compared the signal-to-noise ratios

for S.M.-N.M.R. and a conventional detection system. Under the optimum

conditions for each method of detection we have

! .
(¢s/¢N)max _ 240 T\ 1/2

= — (31)
e/ nax w01/2 T2
The ratio of sensitivities are equal at a frequency given by
\)'0 = 104T1/T2 (32)

The advantage of N.M.R. detection by a SQUID magnetometer is obviously

at low resonance frequencies and long relaxation times.
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CHAPTER 11
INTRODUCTION \ *
« In this Chapter we will deal with various aspects(af the

components that comprise the total experimental set-up, ranging from a
genéral description, to the effects these combonents have on the experiments,
vis-a-vis noise (mechanical and electrical) signal size, and liquid helium
consumption.

Each component, that was constructed for this work, will be
mentioned separately. All eléctronics, including the SQUID, will be dealt (i;/
within one section. Finally, to conclude the Chapter, the manner in which

the components fit‘together to form the experimental set-up will be

. discussed along with the general pr.ocedur'e. ‘

ELECTRONIC APPARATUS

This secti® will deal with the main items of equipment that
were utilized ih these experiments. We will discuss Rrief1y the experimental
set-up of this equipment and then examine each individual component afterwards.

'
Fig. {2) is a block diagram of the experimental electronic

~set-up. Not shown in the figure, are the power supplies ¥or the N.M.R.

magnet and the manganin heater on the niobium field trap. Both the
magnet and the field trap will be discussed later in this Chapter.
Standard coaxial cables (RG-62/u) with amphencl connectors were used
to interconnect the various pieceé of equipment. Matching cables were
used to connect the digital voltmeter, the X-Y recorder and the

oscilloscope- to the SQUID electronics.
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Figure 2. Block dia%j’n of electronic experimental set-up.

The power for all the electrical equipment was supplied [from
a panel of eighteen grounded outlets, yiﬁéd in parallel and connegted
td an independent twenty amp, 110 vo]f circuit in the 1a§oratory.

Each side of the incoming power line, was connected to the

1ine ground through a 0.1 microfarad 1000 v capaditor. Thus any

transients on the ]{;g would be shunted to ground through the capacitors

which also maintain the ground at zero potential, with respect to the

Tine at all time.

|



Previous to the use of this panel, sixty cycle pickup was
a considerable problem. The Tektronix 504 oscilloscope monitoring
the lock—on mode of the SQUID electronics (to be discussedL1ater in this
ChanFr) would display multiple patterns on the screen. This pickup,
superimposed on the d.c. signal output of the SQUID electronics, could
easgty be followed by the X-Y recorder. This increased thg noise level
and also resulted in the 5QUID system being more susceptible to transient
disturbances.

The system used 'in these experiments was a Model 202 'Super-
conducting Quantum Electronic System' (S.H.E.)1a, which consisted of a
r.f. biased symmetric niobium SQUID, a probe, to house the SQUID and
1ink it to the SQUID electronics. The biasing frequency of this device
was 19MHz, The single-point-contact is made between two 000-120 screws,
one flattened at the tip and the other honed to a 90° point. The
contact is made in the center of the slit interconnectiﬁg the two holes
as indicated in Fig. (3).

The adjusting screws, though obtainable from S.H.E., were
manufactured in-house from unannealed niobium rod.ukBefore installation,
they were cleansed in acetone and then heated on a hot-plate until
oxi?jzed to a gold-brown colou® The point bontact, once properly
adjusted, will remain so unless the SQUID experiences a severe shock
(mechanical, thermal or electrical i.e. a static discharge near the

point-contact).
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Figure 3. SQUID Sensor.
!
The SQUID system can be operated in one of three modes, the

r.f.4mode, the audio mode, and finally €or the purpose of experimentation,
the” Tock-on mode. (\\

The r.f; mode, as illustrated in Fig. {4), produces a
staircase pattern on the oscilloscope. This mode is used primarily for
setting up and tuning the system. It is useful to turn on the electronics
when cooling from 77K to 4.2K, as obsefvation of the r.f. .pattern as the
SQUID cools through its superconducting transition temperature (9.2K),
will indicate the condition of the point contact. If the contact is too
weak, then the steps will be very,poisy or migsing altogether. If on the

other hand, the contact is too strong, as transition occurs, the steps
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Figure 4. Block diagram of SQUID electronics circuit.

will be observed to travel up the display and disappear.

the point contact must be re-adjusted.

r

In either event,
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If the system is functioning properly, then the electronics
can be 'switched over to the audio mode. S1ight adjustments of the r.f.
level and the tuning capacitor are now required to maximize the amplitude
of the triangular wave pattern displayed on the oscilloscope. This
amplitude is approximately 50 my for a well-adjusted system. Changes of
flux, detected by the SQUID, wi{? cause the triangular pattern to move
across the oscilloscope. The displacement of one complete triangle is
equivalent to the detection of a change of flux in the signal coil of
the S.F.T. of one ¢,

When in the lock-on mode, as illustrated in Fig. (5),
the 05ci11oscope/dﬁsp1ay is a vee shaped pattern. For the particg]ér
system used hef;, this ve$'i§ distorted, in that there is an open-{oop
on the r%ght hand side an%-afspike in the center. The area of ‘the Toop

is a function of the input level and is maximum for the highest setting

of the ten-turn potentiometer (Fig. (6C}) controlling the level.

Figure 5. Lock-on mode display.
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The origin of the distortion is unknown at present.

When in the lock-on mode, the output of the Tlock-in
amplifier is connecteq, thraugh a 10 k@ resistor, to the r.f. coil
within one hole of the SQUID. The polarity of the feedback current is

~ such that the r.f. coil produces a flux change equiva¥ent but opposite

in sign to that proéhced in the SQUID by the signal coil. Thus the
total change of flux in the SQUID is zero. The feedback current is
monitored by measuring the voltage drop across the 10 kQ resistor. This
voltage, measured at the lock-in output connector (Fig. (BA}) is therefoga
a linear fuﬁction of the flux changes produced by the signal coil.

To measure the output voltage corresponding to one quantum of
flux, the input switch (Fig. (6C)) is placed in the off position. The
zero offset potentiometer (Fig. (6A)}) is adjusted from its balance point,

until the triangles sweep slowly across the oscilloscope screen. The
detector output {Fig. (6C)). is used to dri;:\;he Y axis of an X-Y Fecorder.
This output voltage oscillates at a frequency corresponding to the rate

at which the triangﬁes are drifting. The X axis is driven by the vo]fage
from the lock-in output. The recorded result is a succession of triangles.

Knowing the sensitivity of the X axis and the distance between a number

of peaks, the voltage change per ¢0 can easily be determined. For the

stem used in this>w0rk, the voltage ¢0 was found to be typically

9.55 = 0.03) mv:

erally, the performance of this particular SQUID system
le. However, thére were two problems of & sporadic
nature, that presented considerable difficulty on occasion: (al:fhe noise

level was unacceptably high and (b) the system sometimes became unstable



and measurements could not be made.

The noise had the form of an oscillation with a ffequency
centered at about six Hz. The amplitude of the distrubance was typically
one mv. u .

The second problem appeared to originate from a bad point-
contact. The step pattern of the r.f. mode was extremely noisy. As a
result, the lock-in dutput $g1tage fluctuated greatly.

Both problems disappeared on cycling through trénsition and
in no manner, whatsoever, could they be deliberately duplicated. One
possibility is that the occurrence of these problems depends on the
cooling rate from 77K to 4.2K. Perhaps, if the sensortis subjected to a
mild thermal shock, stresses are created in the SQUID, which might
either physically alter the point-contact or,affect the superconducting
currents flowing through\it/

It is importaﬁ£ that the voltmeter, utiiized to monitor the
lock-1in output voltage, not generate transients at its input. Such
_transients would be injected back into the SQUID electronics via the
lock-in output, and woqﬂd pass directly through the 10KQ resistor into
the r.f. coil within the SQUID. This would result in a very unstable
system and the lock-on mode would not function propgr]y. The DANA 5330,
{(input resistance of 1000 meghoms for the 100 mv range) is relatively
free from such transients. This %nstrument has two added features which
were found to be very useful. The incoming signal is connected to a
proportional analogue output of range 0-12 volts. Also, a single pole
filter is available in the circuitry at the input, to reduce any noise

of a sixty Hz origin. &
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The output voltage from the SQUID electronics was registered
on 25 x 38 centimeter graph paper usfng an H.P. 7004B X-Y recorder.
Both axes spanned a ringe of 0.25 mv/cm to 5 volts/cm. The signal from
the electronics was connected to the Y axis of ihe recorder, either
directly or from the analogue output of the DANA. The latter case
was the usual procedure as the noise level was reduced by the previously
mentioned filter.

The radio-frequency current needed to drive the saddle coils
(see séction on Sample Holder), was provided by either a Waveteck 164
Function Generator or a Hew1étt Packard 8698 R.F. Generator. The
H.P. 8698 was used for the N.M.R. measurements on the copper wire bundle

(Chapter I1I1). As this unit was not available for the measurements on ‘
.'CaF2 (Chapter IV) the Waveteck 164 was utilized.

For both units, the frequeﬁcy could be swept either continuousiy
or in a single passage, between pre-adjusted end points on a ramp of
positive or negative slope. The duration of the sweep between end points
could be varied internally from 0.1-120 seconds and 10uS-100 seconds,
for the H.P. 8698 and the Waveteck 164 respectively. These ranges could
be greatly extended by placing either unit on a continous wave mode at
a desired frequency (usually the resonance frequency) and making use of
the external frequency modulation inputs. If & continuous triangular
wave, of fixed frequency, was connected to the F.M. input, the result
was a linear sweep-of the output frequency bétween end points determined
by the voltage amplitude of the modulation. The overall frequency range
for the H.P. 8698 was 0.1 to 110 MH and that of the Waveteck 164,

30 pHz - 30 MHz.



. Freguency measurements were made by monitaring the synchronous
output on either'generator with a General Radio model 1192 counter with
a seven digit display. The frequency counter was capable of meésuriné
up to 32 MHz with maximum resolution of 0.1 Hz. In the
work reported here, the counter was set up to have a resolution of
10 Hz due to a sampling time of 0.1 seconds. |

The H.P. 8698 is a stable instrument providing a very clean
sinusoidal output signal. The Waveteck 164, on thé other hand, was
found to be unstable and the.signa] was slightly distorted. The distortion
on the signal was not Eritica] as it was just visible on an oscilloscope.
0f more concern was.a small d.c. ramp‘in the output of the qenerator
observed during a sweep., This ramp was readily detected by the S.M. as
a change in the local magnetic field. The resulting signal from the
SQULD electronics, was approximately 40 mv for the maximum power
output of the generator and was proportional to the power Jevel setting
of the Névetedk. This problem was eliminated by placing a 0.4 uf (20 v)
capacitor in series with the r.f. output, between the unit and the
coil, thus preventing any transmission of the d.c. ramp.

Anothar problem with the Waveteck 164 is thaf it is not
shielded as is the H.P. 8698 and thus there is a great deal of r.f.
leakage. This leakage was picked up by various leads in the set-up
resulting in a very unstab]e'funcﬁioning of the SQUID system in the
MHz region. The instability was quite probably caused by an interference
between this pick up and the 1 KHz frequency, utilized as the reference

signal for the P.S.D. of the SQUID electronics when in the lock-in mode.
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The problem was reduced sameﬁhat by shielding the wires entering
the helium dewar. Recent experiments in our 1a60ratory‘have indicated
that the problem would be essentially eliminated by using stainless steel
dewars instead of glass ones and would be a simpier solution than placing
the Waveteck or the experiment in a Faraday cage.

» Two power supplies were required for these experiments, one
for the N.M.R. magnet and the other for the heater on the superconducting
Nb field trap.

The current for the N.M.R. magnet was supplied by a Hewlett
Packard, Harrison 6260 A, D.C. power supply. This instrument is capable
of deMvering 1000 watts (10 volts, 100 amps) and was found to be'a very
stable supply.

A Krohn Hite model .UHR-220% high voltage power supply capable
of 100 watts outpﬁt (max 200 milliamps, 500 volts) was used to generate
the current for the heater. The high voltage was required as the

resistance of the heater was quite large i.e. 2,260 ohms. Both the field

trap and the heater will be dTSCUgﬁed shortly.

DEWAR HEAD

A set of nested glass dewars was utilized to minimize the usage
of 1iquid helium. This set consisted of a standard nitrogen dewar,
4.6 ¢m 1.D. by 82 cm in depth, and a "tail" dewar to contain the helium.
This dewar, 77.4 cm in overall inside length, was inided into an upper

section, 8.5 cm. 1.D. by 40 cm, and a lower section, 2.5 cm I.D.mby'37.4 cm.



The helium dewar was sealed as indicated in Fig. (7(i)}. A
tight fitting styrofoam plug, in which the stainless-steel tubes (0.5" OD)
were embedded, extended.17 cm into the dewar, reducing the reservoir

volume from 2.24 to 1.29 litres.

S.M. - N.M.R. HEAD

The magnetometer head was similar to those described previously
by Day7 and Meridith et a1]6. For the measurements on a sample of a
copper wire bundle and 5 sample of CQFZF;EDE head was essent{a11y the
same as that depicted in Fig. (8).
A Structurally, the head consistei of three main parts:
(1) the field tra?; (2) the radio-frequency shield; and {3) the sample
holder.

(1) Field Trap

The field trap was a hollow cylinder machined from a 3/4" round
bar of unannealed niobium. The overall length was 10.8 cm with an inner
diameter of 1.67 c¢cm and a wall thickness of 0.1 cm. The inside was
thoroughly cleanpd with acetone to remove all ¢il deposits from the
machining. A bar of Araldite was then cast in the niobium cylinder. When
;ured, the cylinder was boared out Teaving an Araldite sleeve of 0.1 cm
fhickness firmly adhered to the inner wall of the trap. This sleeve
electrically insulated the radio-frequency shield from the field trap /
and permitted the trap to slide easily over the shield.

A 2200 ohm bifilar coil of #36 A.W.G. insulated manganin wire was
wound on the outside of the trap with a 0.01" thick sheet of Mylar,

insulating the coil from the trap. This Mylar was necessary as the wire



Cutmr

%13

185

7(ii) Top view of A

O

ot |~
o) -
= 5
7(iii) Top & sectional view
J of B
Figure 7. Dewar Head.




COPPER

AD-~-COATED

u-Ni CAPILLARY:

MANGANNIN
WIRE HEATER

TAPE.

ARALDITE

//Nb SHIELD

NYLON SPACER

20 Turn Nb

TAPE WEDGE

LW B

/GRADIOMETER
1 GLASS TUBE

ZXITTTIX

=3
i S

GLASS POST

)

FLANGE

NYLON WASHER

SCALE X 2:|
Y I

&
Crim

cm

Cr

~ooccw—RF LEADS

Figure 8.

Fy

S.M. - N_M.R. Head.




N \

- 3.
insulation deteriorated on over—héating. The coil was ﬁsed to drive the
superconducting field £rap normal permitting a new magnetic fiéld to be
trapped when the cylinder was cooled throughlthe transition point (9.2K)
in that field. To increase the efficiency of the heater, several layers
of masking tape were wrapped on it, partially insulating the heater
from the liquid helium.

{2) Radio Freguency Shie¥d

The shield, machined ffom a round bar of copper stock, was
11.24 ¢m in length. Other dimensions, as well as the positioning of
the shield were as indicated in Fig. {8). The 0.001" Mylar insulation
covering the region where the gradiometer was wound, is not shown. The
leads from the gradiometer were fed into an electrically insulated
lead-coated copper-nickel 2apillary tube which passéd through the shield
into the region above the sémp1e. /"”/)

The gradiometer,part of the S.F.T., consisted of a pair
of astatically wound coils of twenty turns of 0.903" insulated niob{um
wire. The inductance of the gradiometer-was founa to be 6 x 10'6.henries
from the resonance freguency of an LCR circuit.

The coils were manually wound on the shield, electrically
insulated by the Mylar sheet. However, since the coils were not wound
on a former, slight geometrical variations resulted. This asymmetry would
definitely produce:an unbalanced gradiometer. Also it would have been
advantageous to place an identical sample in the other coil of thp )
gradiometer, to further equalize the inductances of both coils. \fortunately,

. . . . |
this was not of great importance in this work.

q



The signal coil of the flux tersformer was a fifty turn
niobium wire coil wound in two layers. It was estimated ‘that the mutual
and se]f—inductances]2 of the cqi],'MSg ana Lsg’ were 6 X 10'9 and
2 X 10'6 henries respectively. The twisted wire leads connecting the
signal coil to the gradiometer were 10 cm in length. The estimated
inductance was 0.3 X 10“7 henries. Thus, from equation (4) we obtain,

0gq.” 0-015 9oy where 0.015 is the flux transfer factor.

(3) Sample Holder N\

The sample holder was comprised of four parts; a thin walled
tube, either of glass or delrin; a nylon screw aﬁd washer; and a
copper flange.

The nylon screw was threaded into-the copper flange with
the washer held between the lead of the screw and the flange as indicated
in Fig. (8). The diameter of the tip of the screw was the same as the
inner diameter of the tube. The tube was thus held in positian at the
center of the shield by the tip of the screw and a nylon cap at the top
of the tube. The flange was held firmly against the shield by four
(00-90) screws_threaded'into the body of the shield. The washer supported
the field trap, preventing it from slipping off the shield.

The r.f. Eoi] used ﬁo induce the nuclear magnetic resonance
was of the wrapped around saddle shape and was fastened Onfthe sample
tube by masking i;$e. The use of tape permitted easy demounting of the
. coil, enab]iné the tube to be cleansed.

The coil consisted of two 1déntica1 rectanguiar coils,

(10 turns #40 A.W.G. copper wire) wound such that each would enclose

approximately 120° of arc when taped to the tube. Typically, the assembled
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coil extended over a height of 1.4 cm.

The leads for the coil were passed through the copper flange
in a teflon spaghetti (to insure electrical insulation) and soldered
to the r.f. 1ead§ enclosed in a ]ead—coatgd Cu-Ni capi]&ary tube SES:)
taped to the outside of the field trap. |

The profile of a typical coil was mapped, using a pick-gp

coil, of 0.03 cm2

area, wound on a delrin former. Thé N.M.R. r.f.hcolfl
was driven at ] MHZ at room temperature. The voltage induced in thé\
pick-up coil was measured by a H.P. model 400H V.T.V.M. The profile
is displayed in Graph (1). The section on the X axis marked A-A, was
the region occupied by the CaF2 sample (Chapter IV). The measured Q
value of this particular coil was 40.

The field produced by a straight wire carrying a current I
at a point P in the perpendicular plane which bisects the length

(Fig. 9{a)) 1518

B = %%ﬁ (sinB; + sinB,) Tesla ' (32)

~where p is the magnetic permeability énd R 15 the distance from the
wire. Consider a group of four bundles of 10 wires 1.4 cm. in length,
spaced as in Fig. {(9b). The field at a point, equidistant from the
bundies and in the previously mentioned perpendicular plane 1is ZB]

and thus we obtain

B. = 20Bcosé ' (33)
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The angle 8 for a perfectly wound coil is 30°, Neglecting any possible
contributisn from the coil sections perpendicular to the bundles

(Fig. (9 C)) (assumed to give zero field), the field factors for the
empty saddle coils were 0.97 and 0.83 mT/amp, for the experiments on

-

Copper andﬂgan, respectively.

Aol
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/
1 /
4 /
/
/
/

Figure 9. R.F. Coil.
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N.M.R. MAGNET *

The apg]ied magnetic field for these experiments was pfoduced
by a simple liquid N2 cooled copper wire wound sof;noia, 15.3 ¢m
in 6vera11 length. The solenoid was wound in four layers on a
ctainiess-steel tube (I.D. 3.648 cm, 0.D. 3.888 cm) with #18 A.W.G. A
copper wire. Each layer was separated from the preceding one by plastic
strips (0.14 cm thick by 0.5 cm wide) p1aced parallel to the coil axis
every centimetetr about the circumference of the solenoid. The purpose
of these strips was to create channels which would gnable the liquid
nitrogen to circulate freely between the layers. When immersed in liquid
nitrogen, the resistance of the solenoid is .22 ohms. The Joule heating

2

developed by this solenoid is 0.22 i~ Watts.

The maximum current used in the work reported here was ‘
typically around 7 amps, corresponding to Joule heating of only 11 watts%@
This power output was quite readily dissipafga in boiling the 1iquid nitrogen
as the effe;tive surface area of the solenoid, in direct contact with the
1iquid, was estimated to be 1200 cmz.
The field at any point along the central axis of the solenoid

can be calculated to a very good approximation using the following

expression

B = E%l {cosB; + co0sH;) (34)

where n = 3600 is the number of turns per meter, I is the current
measured in amps, and 6, and 8, are as indicated in Fig. (10) and B is

the field expressed in Tesla.
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Figure 10.

The calculated field at the midpofnt of the solenoid is
4.32 mT/amp. Graph (2) shows the field profile along the central axis
for a midpoint field of 20 mT.

The ?oints B and B' marked on the graph are the ends of the
niocbium field trap. If the niobium cylinder traps the field proftlp that
it is situated in when cooled through transition, then, for a field
of 20 mT, the lower end tr?ps 12.6 mT and the upper end, 19.2mT. However,
near the ends of the so]enofa\the above a§5umption ié certainly not ~
valid, as superconducting currents are induced due to the transition
from superconducting to normal material. Thus, the fields measured at
B and Bi would in all likelyhood be quite different from those mentioned
above. The actual field trapped at the sample site as infered from

measurements will be discussed further in Chapters III and IV.

(\\¥_-D£ An inhomogeneity of the magnetic field will have at least one
consequence and possibly a second. The first is that the 1ine width

of the N.M.R. signal, for both slow and fast passage, will be broadened.

~

If the ﬁémogeﬁFity is larger than By, the amplitude of the r.f. field,

. [}
or Bﬂ, the local field, then it will determ{;; the lower limit of the
-

/
cihdition for adiabatic fast passage as indicated in equation (24) of

apter I.

-
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ANTI-VIBRATION SYSTEM

Since the SQUID, the heart of the magnetometer, is extremely
sensitive to changes in fiux, any motion of the SQUID sensor and its
input flux transformer will produce a background noise which could be
large enough to obscure_the N.M.R. signal. The maximum signal encountered
in these experihents was 15 millivolts, which is of the order of the
noise level to be expected from an improperly secured sensor. Thus,
since most of the signals were smaller than that mentioned above {about
1 m.v. for Cu63) it was imperative that this noise level be reduced.

The probkem was attacked on two fronts: (1) the stray field
at the site of the sensor was made as small as possible and (2) the S.M.
to a great extent, was isolated from any source of vibration. The former
shall be discussed in the next section.

The two main sources of vibration are the building and the
boiling oﬁ/quuid nitrogen and helium in their respectivecdewars. To
dampen th; vibrations from the building, the pair of nested glass dewars,
in whichgthg SQUID rod is centrally Jocated, were attached to a plate
floating on ;—Eombination of foam pads and a partially inflated rubber
inner-tube. To lower the-center of gravity and to decrease the natural
.frequency of the system, 25 Kg of lead was rigidly suspended 95 centi-
meters below the plate. The natural frequency was t&pica]]y about
0.5 Hz, depending on the respective levels of the 1iquid nitrogen and
liquid helium. Fig. {11) is a schematic diagram -of this anti-vibration

system.
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‘ As indicated in Fig. (11) theé magnetometer head was rigidly
attécﬁed'be]ow the SQUID on the probe which was centrally located in the
dewar. The probe was held rigidly at both end; of the central 1/2"
stainless-steel tube (Fig. (7i)). The head screwed into the end of a

delrin coupler which could be clamped onto the end of the probe. The

Figure 11. Anti-vibration system.

nearest end of the field trap was 6 cm distant from the probe.
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When attached, the probe and head constituted a rigid
pendulum 54 cm in length. To dampen any motion of this pendulum six
springs were taped, equally spaced about the circumference of the
Jower end of the magnetometer head. These springs were 5.0 x 0.5 cm
strips of 0.015 cm thicfuberyllium—copper sheet, bent upwards at an
angle of 45° away from the head, about two thirds distant from the
pdint where they were attached. The tip of the angled portion of each
strip was in firm contact with the inner wall of the tail dewar,
reducing the horizontal motion of the head, thus resulting iﬁ an acceptable
noise level.

The amount of 1iquid helium used in an experiment wa§
greatly reduced by the system previously described. Runs in stainless-
steel dewars, typically consumed 10 litres of.he1ium for similar
experiments, whereas 3 litres of helium sufficed, in the glass dewars.
However, this reduction of consumption was offset by the increased noise
level introduced by the poor electromagnetic shielding afforded by the ‘
glass dewars.

Further, the anti-vibration system evolved for these
experimgptsfuas probably not essential: this system grew out of
investigatipns carried out previous to the N.M.R. studies. The original
support for the dewars was, in hindsight, extremely unstable and was
thus itself responsib]e.for most of the mechanical noise.

Recent experiments in thi§ laboratory conducted in stainless-
steel dewars without using an anti-vibration mounting of any kind,
showed similar or, even, better signal—to-hoise rafios, than those

obtained in the glass dewars.



PROCEDURE i

Once the helium dewar was sealed, the vacuum jacket, which
had previously been flushed with air to eliminate any trace of helium,
was evacuated to a primary vacuum (=50 microns). The dewar was then
positioned on the plate (Figure 8) in the center of tﬁe liquid air dewar
and connected to the helium return line.

While the liquid air dewar was being filled, the interior
of the helium dewar was flushed for a few minutes with helium gas from
a pressurized storage bottle to eliminate as much air as possible. Thus
as the interior of the dewar cooled to liquid air temperature, helium
gas could be drawn from the ;;turn line to maintain a constant positive
pressure. The presence of a helium gas atmosphere was nécessary as air
would freeze out when liquid helium.was transferréd into the dewar, ané
should any air freeze on the point contact of the SQUID, damage to the
contact would result.

Typically, the interior reached an equilibrium with the liquid
ajr temperature in 4 hours. - Prior to transferring, a final check was
made of the electronic apparatus, the heater on the field trap and the
N.M.R. radio-frequency coil. '

Liquid helium was transferred jnto the dewar at a slow rate,
typically 4 litres/hour, to insure that the SQUID would not be thermally
shocked. Such a thermal shock would induce strains in the body of the
symmetric SQUID which could damage the point contact.

Once the SQUID electronics package was adjusted to give the

largest and cleanest triangle display on the ascilloscope, a d.c.

voltage ramp was applied across the N.M.R. coil. Motion of the triangles




across the screen indicated that the flux transfer circuit was functioning
properly. This test having been successfully concluded, the SQUID
system was then placed in the "Lock-on" mode of operation.

To trap a magnetic field, the nicbium cylinder was driven
normal and then allowed to cool in the field of the N.M.R. magnet. The
transition of the field trap from the superconducting to the normal state,
was indicated by a momentary loss of "lock". The current flowing in
the magnet and, hence, the field was determined from the voltage drop
across a standard 5 x 10_4 ohm resistor.

A lead shield is positioned about the SQUID sensor and is
firmly fastened to the probe. The shield befomes superconducting at
about 7K, essentially trapping the Earth's field. If the stray magnetic

field, typically 0.5 mT, from the solenoid was present when transition

occurred the shield would trap this field with a resuiting increase in noise.

The N.M.R. spectrum could be obtained by slow or fast

passage techmiques.

’ For a slow passage, the frequency output of the generator

was internally swept between predetermined end points. The X axis

of the X-Y recorder was driven by the sweep output of the generatér.

The Y axis was connected to the lock-in output of the SQUID electronics.
For tﬁe experiments on the copper wire bundle, the X axis

was a linear function of frequency. Resonance frequencies were determined

by manually changing the frequency until the SQUID signal was maximum.

The frequency at which this maximum occurred was measured by a frequency

counter.

9q
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The r.f. power’1eve1-8% the generator was increased until
the resonance signal was maximized. The amount of A.C. current flowing
_1n the’N.M.R.'r.f. coil was determined by measuring the voltage drop
across an 83.3 ohm, carbon resistor in series with the coil.

In the fast passage technique, a“continuous triangular wave
signal was applied to the X axis of the recorderé The zero of this
axis was shifted to the center. The pen oscillated about the zero,
with an amplitude contr011ed.by the auxillary function generator supplying
the triangular w;te. To obtain measurements of 1,, the Waveteck 144
generator was set up for a single sweep, at.an appropriate rate, through
a range sufficiently wide enough such that the end points were far from
resonance. Once the triggered sweep was completed, the output frequency
of the generator returned to the original starting point. The resulting
trace displayed the magnetization of the sample as a function of time
as the pen moved back and forth across the paper. The tracing displayed
in-Fig. (12) is typical of the spectra obtained in this manner.

The resonance frequency was determined, by frequency
modulating the generator and using the sweep output to drive the X axis
of the recorder. The amplitude and the period of the modu]ating signal
were adjusted to insure A.TSPf)requireménté. If the bésé‘11ne is steady
i.e. no drift in the SQUID e12ctron1cs output, the resonance frequency
will be the intersection point of the risers. This point should be
midway, corresponding to‘MZ equal to zero. An ideal case is fepreﬁented
in Fig. (13). If the reversal of magnetizatioh is not quite complete

the intersection point should still be the resonance frequency given by

gl = 1vB, I

-
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Figure 13. Ideal A.F.P. tracing for field determination.
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CHAPTER TIII

INTRODUCTION

This Chapter deals deals with the preliminary investigations
into the use of the S.M.-N.M.R. signal amplitude of Cu63 for the purpose of
thermometry. The signal observéd in slow passage is, for a given
magnetic fie]d,‘not only a function of temperéture, but also of the
“amplitude of the r.f. field (28).

In the experiments reported herein, the behaviour of the
signal size was studied as a function of B], at a constant temperature
(4.2K) and in a fixed field B0 (30.63 mT).

The sample was a bundle of 5900, #46 A.W.G. insulated
copper wires. The bundle’was packed inside a delrin tube {0.550 cm I.D.,
0.646 cm 0.D.) on which the r.f. saddie shaped coils were placed. The

amount of copper enclosed by the volume of the coils (1.4 cm x 0.24 cmz)

was estimated to be 0.94 grams (0.65 grams Cu63, 0.29 grams Cu65).
Assuming that the profile of the field trapped is that of the 1iquid
N2 cooled solenoid, the field inhomogeneity over the sample is calculated
to be 93 uT/4.32 mT, where 4.32 mT is the field produced in the solenoid
by a current of 1 amp.

.The gradiometer, was wound such that the two coils comprising .
it, were 3.3 cm apart and situated 4.55 and 7.85 cm, respectively, from

the bottom end of the field trap. From the previous assumption, we

obtain a field difference of 66 uT/4.32 mT.
&



The superconducting field trap maintains a constant flux over
its interior cross-sectional area AT. A flux cHange Ad = ASAM, produced
‘ by a change of magnetization of a sample {cross-sectional area As),
results in a corresponding change, -A%$, in the annular area not occupied
by the sample, i.e. in the annular region defined by AT - AS’ and is a
consequence of a chqnge of the currents f]owiag on the inside surface of
the superconducting trap to keep the net flux constant (Fig. (14)). Thus,
if the sémp]e does not fill the pick-up coil, the resulting signal from
A% will be reduced by the amount of the negative flux change enclosed by

the coil.

i ]
S
N
Eéza{@ | 1/////
L {4 | ]
P e
- TRAP. —

Figure 14. Sectional schematic of sample,transformer
and trap.




Here, the cross-sectional area ratios of the sample and sample coil,
to the field trap, expressed in percentages, were 10.8 and 34.4 s

respectivé1y. Thus we have a theoretical signal reduction of 26.5% because

of the géometry.

EXPERIMENTAL RESULTS

The tracing in Fig. (15), is a typical N.M.R. spectrum for

65 63

Cu "~ and Cu The drift in the baseline was generally observed in

all runs. The signal-to-noise ratjo, typically 7:1 for saturated
signals, was approximately 5:1 for lower r.f. powers.
Line width measurements, taken from recordings of saturated
Cu63 signals at two fields (33.94 and 30.2 mT) yielded (4.4 and 4.3 + 0.5 kHZ
or 0.39 and 0.38 + 0.04 mT) respectively.
For the study of_ the behaviour of the signal size as a function <
of B], a standard carboﬁ resistor was placed in series with the r.f. coils.
The alternating current in the cifcuit was found by measuring the voltage
drop across this resistor at the N.M.R. resonance. Thus, from the
estimated field factor of the saddle coils (0.97 mT/amp), the amplitude

of the r.f. field B], could be determined. Several spectra of Cu63 were

63

taken for each value of B]. The maxima of the Cu >~ signal were averaged

to obtain a value of the amglitude at that particular value 0f4B1. The
data were expressed as a percentage of the saturated value of 1.1 mv.

Equation (28) can be written in the following form
cB]2

A: (35)
T{T + bB] }
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This equation may be rewitten in a form that is amenable to a least-

squares analysis. "Doing s0 we obtain

'I _ .
i = _EE + d (36)

where a = T2/c, d = bT/c and B] is expressgd in uT. Using the experimental
data obtained in a field of 30.63 mT, at 4.2 K, the parameters, a and b,
were, found to be 23.4 and 0.819, respectively. The experimental data,
compared to a curve derived from (32), using for ¢ and b, 0.754 and

0.147, respectively, is displayed in Graph (3). The error on the

measured amplitudes is typically 15%

DISCUSSION

The measured line widths were found to be of the order of the
known natural line width in metallic copper (0.3 mT15) indicating that
the field trapped in the niobium cylinder was fairly homogenous. One isl
drawn to the conclusion that the field maintained by the trap is much
more homogeneous than the original field generated by the solenoid and
later trapped. Indeed if the field profile within the trap was that of
the solenoid, then the line width would have been around 1.0 mT.~ Thus,
the astatic coils of the gradiometer are situated in a field difference

much smaller than 66 uT/4.32 mT.
The behaviour of the N.M.R. signal amplitude of Cu63, as a
function of B1 is in agreement with theory. The values of B], estimated

from equation (33) are considered to be approximate. A calculation of

——— —- v — -
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the saturation factor, (y B] T1T2 /(1 + v B1 T;T,) indicates that the
approximation is quite good. The calculated saturation factor i§ 92%

for that value of B] (12.68 uT) where, experimentally, saturation was

observed. ~

Recent experiments in our laboratory on 5.M.-N.M.R. have
demonstrated that the‘reduction of the noise level observed for a gradio-
meter system, as opposed to a s{ngle coil, is not significant qaiugh to
justify the use of the former. Since the self-inductance of a coil is
proportional to the square & the number of turns, by using a single
coil and maintain%ng the same self-inductance as for the gradiometer, it
should be possible to obtain an increase of 1.4 in the‘flux'transfer
factor (if N is the number of turns on the pick-up coil of the gradio-
metex then the number of turns on the single coil for the same -
self-inductance, becomes 1.4N). The flux transfer factor can also by

Qstter matching of inductances be increased by at least a factor of 2.

Indeed, the figure of 0.015 quoted for thisswork could be quite erroneous

in that the sum of the self-inductance of the gradiometer (or single coil}

and leads, should never exceed the seif—inducténce of the signal coil.
An error in measurement of the inductance of the gradiometer used in this
work, resulted in a vefy bad mismétch.

Thus, it sﬁou]d be possible td obtain: (1) larger signals
(at least 3 x) as indicated in the previous discussion, and (2) a
reduction in the noise level by (a) securing the magnetometer more firmly

and (b) using stainless-steel dewars for shielding. Having achieved

the above, the signal-to-noise ratio wou]d’35§€§F5“1 or better.
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Using the values for c and b, the amplitude as a function of
temperature can be calculated for various constant values of B1
(assuming an increase of -3 x in saturated signal). In Graph (4), two

curves, corresponding to B1 = 4uT and uT respectively, are shown for

the temperature region of 10-100 mK. The eddy current heating 1.5 in

8

the Cu wire bundle, for B, = TuT, is 1.7 x 107° Watts (0.17 ergs/sec).

-10

1
By reducing B] to 0.1uT, the heat input drops to 1.7 x 10 Watts
(1.7 x 10"3 ergs/sec) and the amp]ituﬁe at 10 mK becomes 217 mv (for
B] = 1uT, at 10 mK, A = 1.585 volts!). This amplitude of 217 mv is
entirely adequate for thermometry in this range. In fact, at 1 mK the
expected signal amplitude would be 10.074 volts!

For the saddle coil used here, the field B, of 0.1 puT

1
corresponds to an r.f. current of 72.8 pA. To estimate the fluctuation

allowable in this current, consider equation (32). For a given amplitude
A, an uncertainty in B], of AB], will result in an uncertainty AT in the

-

temperature. The relative errors are related by,

Pl N Y (37)
T B 2
1\ 21+ b,

" For there to be an uncertainty of only 1% at 10 mK, in T (B] 0.1 T,

the corresponding uncertainty 1n.B1 must be at most 1.1%.° Thus the
fluctuation allowable in the r.f. current is also 1.1% or 8 uA for this
"example. For an error of 1.1% in B1 at 10 mK, the resulting relative

change in signa],amp1itude can be determined from

1 212

BA o (38)
BB [ aZremh )
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and is found to be 2.7%.

Thus, if precautions are taken to insure a stability in the
r.f. current of at least 1%, it should be possible to determine the
temperature with an error of less than 5%. -

Though it should be fairly easy to obtain an accurate
temperature measurement,‘care must be taken to insure that the thermometer
is in?thermal equilibrium with the sample being monitored. For example,
if thé thermal boundary resistance RK between the thermometer and the
sample is of the Kapitza type (RK o 1/DT3, D is the contact area) then

the response time of the thermometer is not T, but15

t = (rn +RL {39)

v
Here, CN is the heat capacity of the nuclear spins and is assumed to

be very much larger than Ce (electronic heat capacity)}, but much less
than the sample heat capacity.

Since the thermometer is heated as previously discussed,
equilibrium will be destroyed as this heat input will cause a thermal
resistance-due to the temperature gradient set up at the thermometer-
sample boundary. To reduce the time required for equilibrium to be
re-established, fhe-contact afea can be increased and the r.f.
power level reduced, thereby diminishing AT at the boundary.

However, if A.F.P; is used and_the requirements for
adiabaticity are met, then a measurement of the tempefature can be
obtained in a few seconds. The signal amplitude as previously mentioned

is a function of 1/T and would be greater than the A.S.P. signal by

2 (1 +v%8,°0112) : . . .
e . The main feature is the short time that the spin

YzB]ZTITz ' ' "‘ ;
AN




system is. irradiated, as compared to A.S.P. The signal is then a
measure of the sample temperature providing the sample and thermometer
were in equilibrium prior to the. introduction of the r.f. field.

For a field B] of 4uT, the A.S.P. maximum at 10 mK is
calculated to be 1.685 volts! The A.F.P. signal would be a factor of
2 greater. Th;\ﬁeat input, though would be 2.7 ergs/sec, which could
possibly be intolerable. One proS]em'with such a Iﬁ;ée amplitude is
that the SQUID might be unable to follow the change. This SQUID system can
accommodate a rate of change of 250 ¢0/sec, which corresponds to an
output voltage change of 10 volts/sec. Thus to insure an accurate

temperature measurement, the rate of change of flux must be kept

below the maximum allowable rate.




CHAPTER 1V

INTRODUCTION

The long relaxation times, t;, usually encountered for the

19

F' 7 spin system in Can make this crystal ideal for study by A.F.P.

The relaxation times are field dependent and are strongly influenced by
impurities. S. Day et a1,19 report values of 1, ranging from about

8 - 22 seconds, for fields of 10.0 - 30.0 mT, for a CaF2 sample cohtaining

Fett (Tppm). T

In the work reported here, a sample of Can (Materials
Research Corporation) was studied by the fast passage method previously
described, in fields from 3 - 30.0 mT.

At low fields, the resonance signal produced by the delrin

A

sample tube (Chapter IIIl‘would be quite close toc the fluorine resonance
signal. For-examp1e,_at 10.0 mT the proton resonance is at 425.76 KHz,
whereas the fliuorine resonance is at 400.55 KHz, a difference of only
25.21 KHz. The signals would overlap because of the line widths of the
two signals. To avoid this problem, a thin wé]]ed duartz tube - [
(0.67 cm 1.D., 0.736 cm 0.D.) was substituted for the delrin tube and a
suitable r.f. c011 was positioned on it.

The gradiometer, coils were 4.21 cm apart and situated
4.0i and 8.22 cm respectively from the lower end of the field trap.

The cross-sectional area ratios of the sample coil and sample
to the field trap, expressed as pe}centages, were 34.4 and 16.1 respectively,

an improvement in the latter case of 15.4% over the previous arrangement.



SAMPLE

A 0:94 gram rectangular parallelopiped was cut from a
cube of Can, 1 cm on edge, with a circular diamond saw. This was then
shaped, using fine emery paper, into a cylinder, 0.67 in diameter by
1 cm in height. The (111) direction (along the length) was oriented
parallel to the trapped field. The surface 6f the ;amp]e Was uneven
and very rough.

The sample was washed in acetone, distilled water, and then
a 10% solution' {by volume) of H2504 for 15 m{nutés. The cylinder was then
rinsed thoroughly in distilled water, dried by evaporation and sealed
in a quartz ampoule, partially filled yith helium. The ampoule was then

p]aced'in a furnace and the temperature raised to 600°C in about 4 hours.

The. sample remained th the furnacg at this temperature for 70 hours, at ‘

the end of which, it was cooled to room temperature in 5 hours. The -

surface of the CaF2 cylinder, previously mitky white, was considerably

smoother and clearer.

. i
EXPERIMENTAL RESULTS

The tracing in Fig. (16) is a fypical N.M.R. spectrum of F'2,

produced by A.F.P. at 3.76 mT. The signal-to-ncise ratios were generally
better than 40-1. Ling width measurements were obtained from the tracings

used to determine the field. The width was takento be the distance between

the beginnigg of the riser and the maximum. the line widths, demonstrated
no appreciable dependence on field, the measurements were averaged together.
For examplé the widths at 8.86 and 18.14 mT were 0.77 * 0.06,mT and

0.8 * 0.05 mT respectively. Thus, the average line width was found to be

33 + 2KHz, or (.82 = 0.05 mT.
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A small hydrogen signal (about 8% of the F]g signal amplitude)
was observed in the tracings used for field determination Fig. {17).
The relaxation time for this signal was short compared to 1, for F19.
However to avoid any problems, the frequency range for fast passage was
adjusted to exclude the proton signal.

Measurements of 7, of F]9 in CaF2 were made before and
after annealing. No change in T, was observed for the same applied magnetic
field. Thus all results were incorporated together. The relaxation
times were found to be shorter than those reported by S. Day et al. At
30 mT T, was 3.4 seconds compared to their 22 seconds.

A 1ogrithan1ca1east-squares analysis of the data, showed

the field dependence of t, to be

5= 1.439-}300-255 (40)

where B0 is expressed in mT. The data, separated into pre and post anneal
is presented in Graph 5. The solid curve is derived from equation 40.
Each T, is an average of a minimum of twenty measqrements for each
values of Bo' The uncertainty in 1, was typica]]& 5%.

Such small relaxation times indicate the presence of an
impurity in a concentration greater than 1 ppm. To ascertﬁﬁh if this was
so, a room temperature E.S.R. spectra was taken of the sample. The

spectra bears a strong resemblance to that o manganese.20

Unfortunately,
no standard spectra were available for comparison. We were thus unable to

determine the impurity concentration.
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DISCUSSION

As no saturateJ slow passage measurements were performed,
we are unable to indicate if the A.F.P. spectra do indeed give a'factor
of 2x in signal amplitude. It would be good procedure to compare
both signals as a means of insuring that A.f.P. requirements are met.
However, the signal maxima may be reduced, in that the X,Y recorder
can only follow changes less than 12 cm/sec. Typically for this work,
the velocity in the Y direction was 25 cm/sec. Thus, though the
signal may be maximized, the recorded ampiitude would not be twice the
slow passage signal. )

The measured Tine widths agree, within the experimental

error, with thé value of 0.8 mT reported by Hatton and Ro]]in.Z]

Again,
one is drawn to the conclusion that the field in the superconducting

trap is fairly homogeneous.

) The hydrogen signal is guite probably due to the maséing tape
securing the r.f. coil. As the signal appears to be a broad slow
passage line Fig. (17) it can be inferred that the relaxation time of the
protons is much less than one second.

In a crystal such as Can, the relaxation time, 1,, iS

strongly influenced by the presence of paramégnetic impur;%Tes. For
pure crystals T, is expected to be very long, as the transfer of energy,
absorbed from the rjf. field, is limited to the process of spin diffusion.
This is a random walk process, due to the weakness of the spin-spin
interaction, which involves the simultaneous directional feversa]

. 22

between a pair of anti-parallel spins. N. Bloembergen " has shown that

the energy absor?sfzpy the F]9 nuclei at one end of a pure 1 cm long CaF2

/




crystal, would take 10]2 seconds to reach the other end in an amount
sufficiently Targe enough to effect the spin temperature. For an
impure cyrstal, the model proposed by Bloembergen, consists of a
distribution of 'heat sinks'. The heat sink is a sphere of F19 nuclei,
at the center of which is a paramagnetic impurity. The impurity nucleus
produce$ a strong local magnetic field gradient which is active over

a critical radius b." At this distance, the field produced by the
jmpurity is about equal to the local field produced by the other nuclei.
The nuclei inside this radius will have shorter relaxation times, but
their resonance frequencies are shifted to the wings of the resonance

line. The F°

nuclei in the shell outside the impurity sphere will
exchange energy by the diffusion process. Once the energy crosses the
boundary it is duick1y exchanged with the lattice. The thickness of

the shell is determined by the impurity concentration and the uniformity
of distribu’;i on.

The diffusion process is completely independeﬁt of both the
temperature of the lattice TR and the external field Bo' However, the
heat contact with the lattice via fhe impurities is a sensitive function -
of T and B,. . |

S.M. Day et al]g have shown that the field dependence of the
19

relaxation time of F'~ in Can, for a uniformity distributed impurity,

in the low field qphroximation, uBo/kT << 1, may be expressed as
tia ((1+ 02/ 2)70)x0- 70 (41)

for the rapid diffusion case (i.e. many heat sinks or high impurity



concentration); and for the diffusion limited case
e (1 + 02 2)70)0-25 (42)

Here, X = uBO/kT, p is the impurity spin lattice relaxation time and
v is the resonance frequency of thé.fluorine nuclei.

If p/ is.less than 1, we observe that the relaxation time

may be written, for constant temperature, as

-

T, T fBOO : (43)

where f is a constant of proportionality and T is an index ranging from

0.75 to zero.

Thus, our result of T,a 300.255

, would indicate that at
4.2K, the relaxation time for F19 in this .crystal, lies somewhere

between the two previously mentioned cases.
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CHAPTER V

CONCLUSIONS
S

An N.M.R.‘magnetometer using a SQUID has been constructed
and measurgments on metallic copper and a sample of Can have been
performed. The device s very dependable as well as being simple to
operate. The simplicity Ties in the fact that the N.M.R. signal is’
detected directly as a change in magnetization and one therefore is
not burdened with tuning the r.f. coil circuit as is the case in
standard N.M.R.

i Using this magnetometer, the dependence of the amplitude of
the Cu63 resonance_signa], on the r.f. field amplitude was investigated.
This dependence was found to be, at 30.63 mT

"0.754 812

17.64 + 0.617 B]2 ' -

and was of the form predicted by theory. Also measurements of the line

width yielded 0.39 and 0.38 + 0.04 mT for fields of 33.94 and 30.2 mT,
respectively. The previously published value ijs 0.3 mT. This indicates
that the magnetic field inhomogeneity over the length of the sample is
very slight {0.3% of field), in the region where the sample 1is located.
) The magnetic field dependence of the relaxation time of the

F]9 nuclei in a CaF2 sample, was investigated with this magnetometer.

It was found that'for the field range of 3.0 mT to 30. mT, the relaxation



time was given by e

€ = 1.439 30°°255

Line width measurements yielded 0.82 £ 0,05 mT which is in good agreement
with the previously published vaiue of 0.8 mT.

The very small field inhomogeneity of the field trap, indicates
that the profile of the applied field is not trapped by the supe}conducting
cylinder. It would be of'interest to construgt a very small N.M.R. probe
and map the field inside a cylinder as a function of position as well as
fﬁr various profiles of the applied field. |

As indicated by the discussion i;_Chapter 111, the realization
of a nuclear magnetic thermometer of at_least 59 accuracy, using a SQUID
magnetometer, is quite feasible. However, changes in the magne tometer
head would be necessary.. The head would have to be thermally_anchored at a

constant temperature to avoid magnetic noise from those materials comprising

3

it, which would be magnetized. This would necessitate thermally isolating 4}@
. »* -

copper sample from the magnetometer. The r.f. shield would have to be
constructed from some material other than/EEE;Er (silver, etc.) as the
pres;nt shield would contribute to the resonance signal amplitude and in
the new head would not necessarily be at the same temperaturé. " To
increase the signal ampliitude, the sample filling factor as well as the
Fflux transfer factor would have to be increased. The former would
present a problem in that the r.f. coil would be in very close prqximity
to the shield walls. This coﬁ]d result in distortion of the r.f. field

as well as some leakage to the transformer coil. To avoid any difficulty

a simple circu]af coil of several turns would be substituted for the

-
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present r.f. coil. (Recent experiments in this jaboratory using this
geometry have been quite successful.) B

The Jatest SQUID system marketed by S.H.E. isjextremely
stable. The model 202 was-adequate for the study of long relaxation
;imes by A.F.P. . This new system (model 330) would permit measurements
at fields lower than 3 MiT. | |

SQUID N.M.R. is no 1opgér a mere'curiosiéy and with further
work it will undoubtedly beeome a Standard method for N.M.R. worg at

b I

low fields. -
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